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INTRODUCTION 

par 

R.-G.  BUSNEL 


Le  phenomene  dit  d 'echo location  a  ete  essentiellement  l'oeuvre  de 
biologistes,  qui  ont  eu  le  privilege  de  le  decouvrir  et  de  le  mettre 
en  evidence,  a  la  suite  de  toute  une  serie  de  brillantes  demarches 
experimentales;  1 'heuristique  reconstituera  un  jour  les  approches 
successives  qui  forment,  au  cours  de  deux  periodes  separees  par  pres 
de  deux  siecles,  une  belle  anthologie  de  1 'evolution  d'une  pensee 
scientif ique. 

Les  deux  monographies  modernes,  "Listening  in  the  dark"  de  Donald 
GRIFFIN  et  "Porpoise  and  Sonar"  de  Winthrop  KELLOGG,  forment  la  clef 
de  voute  des  documents  de  base  qui  ont  porte  a  la  connaissance  d'une 
vaste  audience  l'essentiel  des  donnees  acquises  actuellement. 
D'une  maniere  tout  a  fait  independante,  depuis  LANGEVIN,  les  physiciens 
et  les  ingenieurs,  ont  de  leur  cdte,  construit  d'abord  les  theories 
de  systemes  d 'echolocation  pour  about ir  rapidement  aux  appareillages 
evolues  que  constituent  sonars  et  radars. 

On  concoit  alors  sans  peine  que,  familiers  de  ces  problemes  dont  ils 
maitrisaient  les  elements  nes  de  leurs  entreprises  et  de  leurs  acquis 
techniques,  ils  aient  leur  attention  particulierement  attiree  par 
1' echolocation  animale  que  leur  revelait  ces  ouvrages,  et  qu'ils 
commencent  de  se  preoccuper  des  appareils  biologiques;  d'autant  plus 
que  les  performances,  les  energies  mises  en  jeu,  les  conditions 
d 'utilisation,  les  informations  recues  a  partir  d'un  echo  par  les 
diverses  machines  animales  sont  dans  l'etat  actuel  de  la  technologie 
sans  aucune  mesure,  et  par  beaucoup  de  points,  infiniment  superieures, 
aux  constructions  humaines. 

Ce  serait  a  partir  des  donnees  de  la  biologie  que  l'approche  mathematique 
l'analyse  des  signaux,  1 'usage  methodologique  des  ordinateurs,  devraient 
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permettre  aux  specialistes  de  la  cybernetique  et  de  la  bionique  de 
tenter  d'aboutir  a  des  principes  les  conduisant  vers  de  nouveaux 
modeles  perf ectionnes. 

On  pounait  alors  se  demander  si  la  somme  des  donnees  biologiques 
deja  acquisesest  coherente,  et  recouvre  1' ensemble  minimum  a  partir 
duquel  1 'extrapolation  electromecanique  de  l'ingenieur,  ou  la  theorie 
du  physicien  seront  concevables  et  si  les  criteres  de  choix  des 
informations,  necessaires  a  ces  disciplines,  peuvent  correspondre  a 
celles  definies  ou  obtenues  par  les  biologistes.  Faire  le  point  de 
ces  connaissances  entre  les  biologistes,  et  repondre  aux  questions 
des  ingenieurs  et  des  physiciens  etait  l'objectif  majeur  de  la 
rencontre  de  FRASCATI,  ce  lieu  ayant  ete  choisi  en  hommage  a  la  patrie 
de  l'inventeur  de  1 'echo location,  le  prgtre  italien  Lazzaro  SPALLANZANI 
(1729-1799). 

II  est  alors  tres  vite  apparu,  et  on  en  prendra  conscience  a  la 
lecture,  des  discussions,  qu'on  se  trouvait  en  presence  de  pensees 
tres  divergentes  et  que  l'etablissement  d'une  logique  commune  n1 etait 
pas  toujours  aise. 

En  effet,  deja  dans  le  seul  domaine  biologique,  la  pluralite  des 
connaissances  acquises  est  deja  considerable,  les  bioacousticiens 
ont  conscience  que  le  probleme  de  1 ' echolocation  est  a  multiples 
facettes;  il  est  actuellement  impensable  de  tendre  vers  une  theorie 
unitaire,  car,  meme  pour  les  especes  aeriennes  et  les  especes  aquatiques 
on  observe  pour  une  m§me  finalite   1 'utilisation  de  principes  physiques 
qui  semblent  differents,  et  dont  les  criteres  princeps  meme  ne  sont 
pas  encore  tous  parfaitement  connus.  De  plus,  les  differences 
d 'attitude  de  pensee  du  physicien  et  surtout  de  l'ingenieur  qui  vit 
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dans  un  domaine  relativement  f  ini  ,  et  de  celle  des  biologistes,  est 
une  source  d' opposition  entre  deux  concepts,  celui  de  totalite  organi- 
satrice,  et  celui  d' associations  elemental res ,  ou  encore  de  deux 
attitudes  de  1' esprit  foncierement  dissemblables ,  qui  proposent  deux 
classes  de  phenomenes ,  ceux  d'ordre  proche  et  ceux  d'ordre  lointain. 

Le  biologiste  est  un  observateur,  plus  il  se  rapproche  des  elements 
du  systeme  plus  les  microstructures  de  ces  elements  lui  apparaissent , 
au  detriment  d'une  conception  d'un  ordre  event uel  a  grande  echelle, 
qui  se  dissout  dans  les  contingences  particulieres  interessantes 
pour  son  etude.  II  oeuvre  sur  une  matiere  infinie,  qu'il  ne  peut 
entierement  embrasser. 

L'ingenieur,  qui  veut  s'appuyer  sur  les  donnees  de  la  biologie,  les 
integre  dans  un  ordre  lointain;  il  tend  a  n'en  degager  que  des 
regularites,  des  structures  hierarchiques ,  et  oublie  ou  neglige  les 
fluctuations  locales  ou  particulieres  pour  aboutir  a  une  fonction 
globale,  pour  proposer  une  rationalite  de  1' architecture  du  phenomene. 
Ces  deux  tendances  ne  peiivent  aboutir,  passagerement  du  moins ,  qu'a  un 
conflit  dialectique. 

Le  domaine  de  1 'echolocation  n'echappe  pas  a  ces  grandes  regies  des 
conduit es  scientif iques ,  c'est-a-dire  que  la  recherche  non  seulement 
n'est  pas  monolithique,  mais  encore,  que  la  trop  grande  specialisation 
aboutit  a  la  meconnaissance  des  themes  connexes . 

La  dispersion  obligatoire  des  interets  et  des  techniques  infiniment 
variees  de  la  biologie,  et  la  diversite  des  donnees  experimentales 
qui  en  decoule,  rend  bien  difficile  deja  pour  les  seuls  biologistes, 
de  posseder  une  connaissance  exhaustive  des  domaines  limitrophes: 
a  fortiori  entre  des  mondes  aussi  eloignes  que  ceux  des  ingenieurs 
et  des  biologistes.  Si  meme  parfois  des  courants  osmotiques  de  pensee 
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tendent  a  s'etablir,  la  divergence  babelienne  des  terminologies  et 
des  concepts  d'approche  des  problemes,  tend  vers  un  accroissement 
du  taux  ordre/desordre,  c'est-a-dire  vers  une  entropie  negative 
grand issante. 

La  philosophie  de  la  reunion  dont  les  compte-rendus  forment  ce  livre 
est  basee  sur  ces  contrastes  humains;  elle  est  celle  d'un  reve  du 
"possible"  dans  le  sens  de  Paul  VALERY.  L'objectif  etait  d'amener 
de  tels  groupes  d'hommes  a  se  rencontrer,  a  se  connaitre,  et  de 
les  conduire  a  discuter,  selon  leur  forme  d'esprit,  et  leurs  propres 
recherches,  sur  un  theme  qui  se  voulait  commun. 

Pour  tendre  a  une  unite  de  principe,  les  discussions  ont  ete  preparees 

plusieurs  mois  a  l'avance,  par  ecrit  et  par  echange  d ' informations 

entre  les  participants.  Ces  entretiens  mettaient  en  presence  des 

unites  de  travail  comprenant  plusieurs  disciplines:  biologie,  physique, 

mathematiques , science  de  l'ingenieur.  II  etait  presume  1 'etablissement 

d'un  vocabulaire  commun,  pour  essayer  de  construire  un  systeme  relative- 

ment  unitaire. 

Le  lecteur  pourra  peut-etre  retrouver  ce  fil  conducteur,  tout  au  long 

de  l'ouvrage,  et  jugera  si  le  projet  nfest  pas  trop  ambitieux.  Ce 

qui  est  certain,  c'est  que  desormais  des  personnalites  si  differentes 

d'origine,  de  formation  et  d'interet,  ont  etabli  des  contacts  intellectueli 

et,  de  ce  point  de  vue,  la  reunion  aura  atteint  son  but. 

De  ces  confrontations,  il  ressort  nettement  que  si  on  a  beaucoup 
discute  biologie,  physiologie  et  psychophysiologic  sensorielle,  la 
sphere  de  la  bionique  n'a  ete  qu'ef f leuree;  peut-§tre  cet  espoir 
etait-il  premature  et  nos  meconnaissances  actuelles  ne  permettaient- 
elles  pas  de  l'aborder  fructueusement. 
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Ce  livre  const ituera  cependant,  il  faut  l'esperer,  un  point  de 
depart  pour  de  nouvelles  approches  de  ces  fascinants  problemes, 
en  vue  d'une  future  emergence  de  systemes  et  de  theories,  per- 
mettant  d'aboutir,  avec  la  maitrise  scientifique  de  ces  fonctions, 
a  des  applications  techniques  nouvelles. 
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LETT.    SU    Dl    UN    NUOVO    SENSO 

S  A  G  G  I  O 

di  osseivazioni  e  sperienze  intomo  all'  accieca- 
mento  cle  pipistrelli,  comunicato  dal  sig.  Pie- 
tro  Rossi,  pubblico  professore  della  R.  Uni- 
versita  di  Pisa,  al  professore  Spallanzani  (*). 

2  gennajo  1794. 

Nel  di  secondo  di  gennajo  dell' anno  1794 
alle  ore  dieci  della  mattina  nel'gabinetto  d7in- 
settologia  del  professore  Pietro  Rossi,  il  termo- 
metro  indicando  la  temperatura  deli'  ambiente 
artefatta  essere  a  gradi  dodici  sopra  il  gelo? 
presenti  il  Fisico  esperimentatore,  i  professori 
Torrigiani  e  Manzi,  il  lettore  Giambattista  Ghe- 
rardi?  avvenne  esattamente  tutto  quello  che  qui 
appresso  si  narra. 

Di  due  pipistrelli  comuni  {vespertilio,  mu- 
rinusj  Linn.  Buffon  Hist  nat  .Fill ,  ii3,  t  16) 
avuti  letargici  e  assiderati ,  e  da  un  lieve  e 
blando  tepore  restituiti  progressivamente  al  moto 
e  alia  vita3  scelto  il  men  vivace,  e  questo  de- 
stinato  al  volo?  si  osservo  correre  instancabil- 
mente  per  lunga  ora  nel  vano  della  stanza  colla 
medesima  rapidita  di  movirnento  che  usano  i 
pipistrelli  d' avere  nei  di  piu  caldi  d' estate.  II 
giorno  era  sereno?  e  il  luogo  dell'  esperimenlo 
illuminato  da  un  vivacissimo  sole;  non  per  que- 
sto volava  il  pipistrello  men  rapido  o  men  si- 

(*)  Queste  sperienze  furono  pari  men  te  falte  ad  istanza 
delF  abate  Spallanzani. 
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NEI    PIPiSTRELLI 

euro;  non  per  questo  urtava  nei  rnuri  iaterali, 
o  negli  angoli  cadenti  della  volta,  o  negl'ingom- 
bri  piu  oscuri  cbe  occupavano  di  tratto  in  tratto 
il  campo  del  suo  volo.  A  luce  dubbia  e  lan- 
guidissima  i  suoi  moti  sono  stati  egualmente 
celeri  e  destri  ;  cosi  a  stanza  oscura  e  in  te- 
nebre  assolute  per  noi.  Abbiamo  eio  indotto 
dal  non  aver  mai  un  momento  udito  sospeso 
il  suo  volo,  ne  il  suono  del  piu  picciolo  urto, 
cbe  in  un  luogo  angusto,  a  volta  echeggiante, 
avrebbe  dovuto  infallibilmente  giungere  a  110- 
stri  orecchi.  Abbiamo  soltanto  osservato  que- 
st' unica  differenza  nei  passaggio  rapido  della 
nolte  alia  luce,  cbe  all1  improvviso  tornar  del 
giorno  il  volo  del  pipistrello  si  faceva  piu  agi- 
tato ,  piu  inquieto,  piu  vivo;  le  sue  volte  un 
poco  piu  spesse,  le  vibrazioni,  le  mosse  dclle 
sue  ali  piu  frequent],  piu  presto;  volte,  giri  o 
ritorni  men  ripetuti ,  ali  raeno  scosse,  meno 
vibrate,  piu  lungo  tempo  tese  in  luce  piu  lan- 
guida ,  piu  modesta,  talche  nessuna  diversity 
nefla  sicurezza,  nella  rapidita  del  suo  volo,  so- 
lamente  una  qualcbe  leggiera  ma  sensibile  dif- 
ferenza net  modo  di  farlo. 

Dopo  cio  ci  sianio  volti  all' altro  pipistrello; 
lo  abbiamo  acciecato  :  Giambattista  Gherardi , 
noi  presenti,  ha  con  un  ferro  adunco  e  finis- 
simo  tratti  tutti  i  due  bulbi  degli  occbi  dal  la 
loro  cassa  ,  che  ha  quindi  divelti  e  tagliati  al 
di  la  del  nervo  con  una  forbice;  1'acciecamento 
e  infallibilmente  seguito.  II  pipistrello  e  ben  pre- 
sto risorto  dal  dolore  di  quest' operazione,  ha 
preso  il  volo  ,  volo  rapido  ,  sicu.ro  ,  picno  di 
direzlorii  risolute,  ardite,  vivaci  ne  piu  ne  mono 
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che  il  pipistrello  veggente.  Hanno  ambedue  lun- 
gamente  volato,  e  al  paragone  non  abbiamo 
saputo  distinguere  nei  loro  moti  differenza  ve- 
runa-  sjcehe  abbiam  finalmente  confuso  e  smar- 
rito  col  cieco  il  veggente,  maneatoci  1' i'ndizio 
d'  un  picciol  filo  che  avevamo  stretto  al  piede 
del  primo.  Osservando  che  il  cieco  dirigeva  i 
suoi  voli  verso  un  lato  determinato  di  quella 
stanza  piu  spesso  che  altrove,  abbiamo  li  fatlo 
sorgere  all'improvviso  una  nuova  inaspettata  pa- 
rete,  distendendo  un  braccio  lontana  dal  muro 
una  rete  da  cacciare  uccelli,  di  larghissiuie 
anella?  e  cosi  abbiamo  inteso  d1  assicurai  ci  ad 
un  tempo  che  P  aria  vibrata  prima  dalle  sue 
ali ,  e  quindi  ripercossa  dalla  resistenza  del 
muro,  non  fosse  alia  squisita  sensibilita  dell' ali 
sue  di  rapido  e  occulto  avviso  di  cambiar  di- 
rezione  per  evitare  Pincontro  dei  corpi-  ed  in 
second©  luogo,  per  allontanare  e  di-struggere  il 
sospetto  che  i  primi  suoi  voli  per  caso  felici 
da  quella  parte  gli  avessero  dato  come  il  modo 
di  far  sicuri  egualmente  i  secondi ,  e  che  si 
dovesse  alia  cieca  abitudine  celeremente  forma- 
la  1  quel  che  noi  avremmo  attribuito  al  princi- 
pio  ignoto  che  lo  guida  e  lo  scorge  felicemente, 
benche  cieco  in  tutti  i  suoi  moti.  II  nostro 
cieco  non  ha  urtato  mai  nemmen  per  disgra- 
zia.  Abbiamo  ad  arte  raddoppiato  gli  ingombri, 
abbiamo  colla  rete  diviso  il  campo  del  suo 
vplo  nelle  piu  irrcgolari  sezioni:  una  pianta  di 
gorgonia  avanzava  pendente  nel  vano  della  stan- 
za j  una  lumiera  ne  occupava  il  ce'ntro,  Parea 
era  come  meandrica  ;  a  mi  sura  che  e  cresciuta 
la  difficolta  del  volo ,    si    e  raddoppiata  la  sa- 
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gacita  di  eseguirlo,  e  si  puo  ben  dire  in  verita 
che  ai  quattro  veggcnti  non  e  stato  possibile 
di  far  inciampar  un  cieco. 

E  avvenuto  che  volando  abbia  qualche  volta 
oltrepassato  la  sommita  della  rete?  e  sia  rima- 
sto  come  imprigionato  fra  essa  e  il  muro )  la 
larghezza  non  era  che  un  braccio.,  Pegresso  era 
difficile  e  angusto  ai  4ati  e  verso  terra ;  noi 
P  abbiam  piu  volte  veduto  uscire  da  questo 
carcere  con  una  felicita  che  ci  ha  infimtamente 
sorpresi. 

La  stanchezza  P  ha  costretto  alcuna  volta  a 
fermarsi  5  esso  cadea  sulla  rete ;  ma  senza  pre- 
cipizio  e  senza  scontro  7  con  un  movimento 
per  cosi  dir  preparatoj  ed  era  ben  chiaro  ad 
ognuno  che  ii  suo  fermarsi  non  era  urto  ina- 
spettato  e  improvviso,  ma  volonta  di  raccoglierc 
le  ali  ?  bisogno  di  sospendere  il  volo. 

Dopo  un  si  lungo  esercizio  la  debolezza  del 
pipistrello  e  aumentata,  le  rote  del  suo  volo 
erano  visibilmente  languide  e  stanche  ?  sicche 
non  potendosi  phi  sostenere  nelP  alto ,  ha  eo~ 
minciato  a  piegare  a  terra  il  suo  volo*  ma  e 
sembrato  ch'  esso  abbia  voluto  impiegare  P  ul- 
time  sue  forze  a  far  piu  luminoso  e  sicuro  il 
risultato  della  nostra  esperienza ,  poiche  non 
permettendogli  lo  sfinimento  di  volare  piu  in 
alto  ?  ne  il*  timore  lasciandolo  po'sare  ancora  , 
esso  fuggiva  terra  terra,  passando  velocemente 
e  smarrito  tra  le  gambe  dei  circostanti ,  tra  i 
piedi  dei  tavolini  (*),  delle  seggiole;  d'un  ca- 


(*)  E  da  osservarsi  che  la  stanza  de^li  espernnenti 
non  era  pm  lunga  cli  braceia  9-7-,  ne  piu  larga  di  hiac- 
eia  6. 
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nape ,  evitando    semprc  ogni    piu  piccolo  urto 
d7  alj   o    di    corpo    tra    tanti  piossimi   pericoli 
e  quasi  direi  Ira  tante  necessita  d1  inciampare. 

3  genua  jo  suddetto :  tempo  sereno.  Ore  1 1 
della  maitina. 

Si  sono  rinnovate  con  i  medesimi  pipistrelli 
le  medesime  espcrienze  del  giorno  scorso,  e  non 
abbiamo  osservata  diffcrenza  alcuna  nei  risul- 
tati  dei  nuovi  tentativi  lungamente  ripetuti  alia 
presenza  del  professor  Pignotti  ,  dei  soliti  te- 
stimoni  niuno  mancando  fuori  cbe  il  sig.  Tor- 
rigiani. 

II  pipistrello  ha  eseguito  coll' usata  destrezza 
i  suoi  voli,  ora  lambendo  quasi  direi  la  terra  ? 
ed  ora  sorvolando  le  reti  die  nel  vuoto  della 
stanza  si  presentavano  in  piu  guise  ad  impe- 
dire  la  liberta  de'  suoi  moti. 

E  unicameiite  da  aggiugnersi  cbe  vedendolo 
noi  scorrer  per  1'  aria  seoza  legge  uniforme  di 
molo  j  e  tagliar  col  volo  in  ogui  senso  V  area 
della  stanza,  abbiam  piu  volte  improvvisamente 
offerto  incontro  al  suo  volo,  gia  deteriuinato  e 
gia  steso,  una  spaziosa  rete,  che  esso  ogni  volta 
ha  con  un  nuovo  moto  come  di  pentimento 
evitata  •  e  dopo  aver  cosi  cbiuso  lungamente 
i.suoi  moti  in  uno  spazio  sensibilmente  piu  an- 
gusto,  gli  abbiam  tolto  Finciampo,  ed  esso  si 
e  gettato  da  quella  parte ,  come  se  un  senso 
visivo  lo  avesse  rapidamente  avvertito  che  l'im- 
pedimento   era  dileguato. 

4  gennajo  suddetto :  tempo  sereno.  Ore  i  o 
della  maitina. 

In  qiiesto  giorno  pure  sono  state  dai  pro- 
fessor! Pietro  Rossi  e  Tilo  Manzi  ripctute  nella 
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solita  stanza  e  al  solito  ambiente  con  gli  stessi 
pipistrelli  presso  a  poco  tutte  le  gia  fatte  spe- 
rieiize ,  ed  altre  ancora ,  alle  quali  han  corri- 
sposto  sempre  i  medesiuii  risultati. 

Prima  per6  di  passare  ad  esporre  ci6  che 
tentato  oggi  abbiamo  di  nuovo ,  non  deesi  piu 
tralasciar  di  avvertire  un  picciolissimo  fatto  , 
che  sempre  accaduto  nei  passati  esperimenti , 
si  e  rinnovato  in  quest'  ultimo  ancora. 

II  pipistrello  acciecato  giunge  spessissimo  con 
i  suoi  voli  fino  al  contatto  del  muro,  ove  sem- 
bra  fermarsi  un  istante  ,  come  cercando  coi 
piedi  d'  avanti  e  di  dietro  un  appoggio  che  la 
parete  sdrucciolevole  sempre  gli  nega,  e  ch'esso 
ritorna  come  per  abitudine  sempre  inutilmente 
a  cercare  :  questo  avvicinamento  estremo  e  fre- 
quente  al  muro  ,  che  non  e  urto  ,  perche  co- 
mune  ugualmente  al  veggente,  dee  far  giungere 
il  cieco  nella  corrente  d'aria,  che  mossa  prima 
dalle  sue  ali,  rimbalza  quindi  dal  muro  contro 
di  essoj  ma  sordo  a  quest' avviso,  creduto  co- 
munemente  V  occulto  direttore  del  suo  volo  , 
pur  segue  di  qualche  linea  ancora  il  cammiuo, 
mostrando  che  la  sua  nuova  fnga  nasce  piut- 
tosto  da  impossibility  conosciuta  di  progredire3 
che  da  un  timore  nato  improwisamente  d'ur- 
tare.  E  pur  da  osservarsi  che  malgrado  questa 
reazione  d'aria,  ivi  certamente  piu  che  altrove 
maggiore  ,  i  suoi  tentativi  per  cercar  questo 
sosteguo ,  nella  nostra  stanza  sono  stati  sem- 
pre diretti  al  muro,  ed  ivi  cercati,  raramente, 
e  quasi  mai  in  qualunque  altro  corpo. 

Avendo  poi  primieramerite   ripieie   le    casse 
degli  occhi  del  pipistrello  d'  una  materia  seba- 
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cea  e  viscosa,  piu  per  diminuire  gli  altrui  so- 
spetti  clie  per  accrescere  la  sua  cecita  ?  esso 
ha  volato  senza  urlo  in  mezzo  ai  soliti  osta- 
coli  della  stanza:  gli  abbiarno  quindi  spalmata 
e  introdotta  anche  della  stessa  materia  nelle  na- 
rici  ?  e  nuovamente  lasciato,  le  sue  fughe  sono 
state  all'  ordinario  rapide  e  sicure. 

Sempre  piu  sorpresi  e  sempre  piu  avidi  del 
segretOj  volendo  escludere  il  dubbio  della  pos- 
sibility di  vedere  per  mezzo  di  quaiunque  altro 
organo  situato  in  tutta  la  regione  del  eapo , 
siamp  passati  a  poter  facilmente  rinchiudere  la 
sua  testa  al  di  la  del  collo  in  mi  cartoccino 
di  finissima  carta  sparsa  di  colla  in  sui  lembi 
e  conveuientemente  foratoj  ma  secondo  cio  cbe 
indotto  dalla  pratica  in  casi  simili  avea  ben 
predetto  il  professore  Pietro  Rossi,  tutto  e  stato 
inutile  per  muoverlo  al  volo,  e  scagliato  in  aria, 
aprivaj  cadendo,  le  ali  per  diminuire  il  colpo 
della  caduta  ,  e  non  piu. 

Si  e  finalmente  voluto  vedere  se  i  suoi  passi 
erano  sicuri  come  il  suo  volo.  Costruito  sopra  un 
piano  un  piccolo  laberinto  di  vie  tortuose;  noi 
abbiarno  veduto  il  pipistrello  piu  frequentemente 
cercarne  1'  uscita  ?  arrampicandosi  alle  pareti  • 
ma  costretto  da  noi  di  seguire  il  corso  ,  esso 
volgeva  agli  angoli  della  sua  prigione  con  una 
tal  mossa  preveduta  e  sleura  3  come  se  fosse 
stato  veggente.  Quest' ultimo  tentativo  pero  non 
ci  e  sembrato  abbastanza  decisivo ,  e  fnerita 
d'  essere  rifatto. 

6  gennajo  suddelto :  tempo  assai  freddo  e 
nuvoloso.  Ore   12  della  matlina. 

In    questo   giorno  ci  fu  permesso  dalla  cor- 
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tesia  del  sig.  professor  Giorgio  Santi  di  con- 
struire  nei  giardino  botanico  di  Pisa  un  piccol 
chiuso  di  reti  all' aria  aperta ;  noi  lo  facemmo 
di  sei  braccia  lungo ,  largo  di  cinque ,  alio  di 
quattro.  L' oggetto  di  questo  sperimento  era, 
non  avendo  modo  di  toglierla  affatto ,  di  ri- 
durre  al  momento  piu  tenue  di  forza  la  riper- 
cussione  aerea  delle  pareti;  dal  cielo  della  rete 
pendevano  fino  a  terra  in  si  picciol  vuoto  se- 
dici  fili  di  spago  a  guisa  di  colonnette  separate 
quasi  a  quincunce  ?  le  quaJi;  a  dir  vero;  troppo 
poco  inlervallo  avean  tra  di  loro.  Desti  a  fatica 
a  un  volo  non  molto  vivace  i  due  pipistrelli  ? 
il  cieco  e  il  veggente  urtavano  ugualmente  nei 
fili  ,  ambedue  pert)  colla  punta  estrema  dell'ali; 
incontro  nessuno  mai  del  loro  muso  o  del  cor- 
po ;  osservazione  concorde  di  molti  spettatori 
che  onoravano  di  loro  presenza  V  esperimento, 
e  dubbiosi  tutti  se  I'm  to  nei  fili  era  fatto  ine- 
vitable dalla  loro  spessezza  e  dalf  angustie 
estreme  del  loco  ?  piu  cbe  da  altro  motivo : 
cielo  freddissimOj  luce  di  giorno  cadente,  sic- 
cbe  per  il  pipistrello  illuminato  ed  urtante  al 
pari  del  cieco  ?  ora  del  volar  piu  sicuro.  Frat- 
tanto  il  cieco  per  le  radissime  anella  della  rete 
fuggi?  volo  molto  in  alto?  e  lungo  tempo  den- 
tro  1' area  del  giardino  j  erro  qualche  momento, 
e  quasi  circondo  col  suo  volo  un  altissimo  ca- 
pannone  di  cipressi  senza  posare ;  piego  final- 
m ente  con  una  fuga  precipitosa  e  gradatamente 
inclinante  verso  il  tetto  piu  vicino  ed  unico  del 
luogo7  ove  lo  perdemmo  di  vista. 

7  gennajo  suddetio  :  tempo  jreddo  e  nuvolo- 
so.    Ore   12  delta  mattina. 
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Abbiamo  ripetuto  Fesperimento  con  i  fill  Ji 
spago  dalla  volta  (T  una  stanza  cadenti  verso 
la  terra  ,  ed  hanno  urtato  egualmente  F  iliumi- 
nato  ed  il  ciecoj  se  deesi  chiaraar  urto  il  leg- 
gier tocco  delF  estreino  delFali,  o  impossibility 
piuttosto  di  prender,  fuggendo ,  la  giusta  mi- 
sura  d'espanderle  ora  piu  ed  ora  meno  ?  se- 
condo  le  angustie  dei  passi.  Fatto  sta  che  la 
loro  testa  che  fugge  nel  volo  in  avanti  as- 
sai  piu  d'  alcun'  altra  parte  del  loro  corpo  ,  e 
che  dovrebbe  esser  la  prima  e  la  piu  faeil- 
mente  percossa  dagli  ostacoli  del  camtnino, 
noil  ha  in  tanti  rinnovati  cimenti  urtato  una 
sola  volta  ancora  Abbiamo  all' incontro  in  mille 
occasion!  osservato  che  giunto  il  cieco  vicinis- 
simo  ai  corpo  contro  cui  dee  inevitabilmente 
urtar  proseguendo,  all'  improvviso  devia,  poco 
sollecito  deila  percossa  e  dello  scontro  delFali; 
due  fatti  che  moveano  Fanimo  del  sig.  pro- 
fessor Pietro  Paoli  presente  a  creder  che  le 
ali  del  pipistrello  nou  sono  ne  si  delicate  ne 
si  dolorose  com'  era  pensiero  d'  alcuni  ,  e  che 
la  sede  della  di  lui  sensibilita  fosse,  piuttosto 
che  ill  altra  parte,  da  riporsi  nella  regione  in- 
tera  del  capo. 

9  gennajo  suddetto.  Ore   10  della  matllna. 

Gi  sianio  adunque  voiti  a  dileguar  questo  so- 
spetto,  o  a  convertirlo  in  certezza:  abbiamo  di 
varj  ingonibri  leggierissimi  ?  delicati  e  cedenti 
in  varie  guise  vestito  F  intero  capo  del  pipi- 
strello ?  che  tutto  inteso  a  togliersi  con  ogni 
maniera  di  sforzo  da  quest' inviluppo,  ha  reso 
tutti  i  nostri  nuovi  tentativi  inutili,  come  i  pas- 
sati;  per  muoverlo  al  volo. 
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Morto  forse  per  cagion  degli  sperimenti  di 
Janguore  e  di  stanchezza  uno  dei  noslri  cie- 
chi  volatori  7  il  professore  Pietro  Rossi  ha  vo- 
iuto  che  queilo  su  cui  non  poteano  piu  cadcre 
le  nostre  sperienze,  ci  fosse  mezzo  a  tentarne 
delle  piu  si  cure  su  gli  altri  gia  avuti  ,  ed  ha 
costruito  con  P  ala  del  morto  pipistrello  una 
benda  al  capo  d'un  vivo  acciecato  del  giorno 
innanzi,  che  senza  troppo  infastidirlo  e  impe- 
clirgli  la  liberta  del  volare  gli  togliea  sicuramente 
insieme  coll'effetto  della  ripercussione  deli' aria 
P  esercizio  di  quell'  organo  che  guidava  il  suo 
volo ,  se  mai  la  natura  glielo  avesse  diffuso  in 
luita,  o  coliocato  in  qualche  parte  della  regione 
del  capo.  11  volo  infatti  gia  franco  del  nostro 
cieco  e  diventato  sensibilmente  men  rapido  5 
le  vibrazioni  delle  sue  ali  moltissimo  piu  fre- 
quenti ;  le  voile  piu  uniform!  e  men  tortuose  ; 
e  finalmente  cacluto  piu  volte  a  terra  ?  urtando 
con  vero  cozzo  ora  negli  usci,  ora  nelle  mu- 
raglie  ,  e  alcuna  volta  fino  nella  corda  della  lu- 
miera  sospesa  uel  mezzo  deila  stanza,  fra  tanti 
voli  innumerabili  inlorno  ad  essa ,  primp  ed 
unico  esempio.  Pauroso  forse  del  colpo,  non 
si  e  veduto  avvicinarsi  mai  piu  alle  pareti  ? 
come  son  soliti  ogni  momento  di  fare  tutti 
i  pipistrelli  o  cieehi  o  veggenti.  La  benda  e 
apparsa  fare  quel  che  gli  occhi  perduti  non 
aveyano  fatto  •  sicche  lasciato  al  volo  un  altro 
pipistrello  cieco ,*  ma  non  bendato?  la  differenza 
e  sembrata  fra  i  due  grandissima  in  tutto  '7  e 
tolta  nuovamente  a!  pipistrello  acciecato  questa 
buffa  cadentegli  di  qualche  linea  sotto  il  muso7 
e  serabrato  che  noi  gli  abbiamo  ridonato  colla 


37 


LETT.  SU  DI  UN  NUOTO  SENSO 

vista  la  primiera  sicurezza  e  agilita  de'  suoi 
voli. 

Ore  3  pomeridiane :  tempo  nuvoloso. 

Un  avvenimento  di  tanta  importanza  non  po- 
tea  far  a  meno  di  noil  richiamarci  alia  stessa 
sperienza  nel  dopo  pranzo  5  ed  avendo  cam- 
biata  la  nera  ala  del  pipistrello  in  una  benda 
di  biancbissima  carta  ?  fermata  sul  dorso  die- 
tro  il  capo  deiranimale  con  cera  di  Spagna,  lo 
abbiamo  immantinenie  ricondotto  agli  urli ,  ai 
moti  piu  timidi,  piu  lenti,  e  a  tutti  i  risultati 
della  precedente  esperienza, 

Lo  stesso  pure  e  accaduto  ad  un  pipistrello 
veggente  (*);  che  in  sirail  foggia  bendato;  11011 

(*)  Not  a  del  professore  Spallanzani.  Oltre  alia  com- 
piacenza  ch' io  provo  nel  vedere  che  la  massima  parte 
dei  fatti  esposti  in  questo  Saggio  dal  dottissimo  e  ce- 
lebre  sig.  professore  Pietro  Rossi,  si  accorda  perfetta- 
mente  con  quelli  ch1  io  narro  nella  mia  Memoria  ma- 
nuscritta  trasmessa  li  28  settembre  scaduto  alPilliistre 
sig.  Senebier  di  Ginevra  ,  e  che  tuttora  trovasi  nelle 
sue  raani,  godo  grandemente  di  essermi  pure  incon- 
trato  con  lui  nell' ultimo  di  qucsti  fatti.  Cosl  adunque 
in  essa  Memoria  io  mi  esprimo.  Awisai  con  un  cap- 
puccelto  di  pelle  nera  ed  opaca  di  imbacaccare  alcuni 
pipistrelli  veggenti.  Pareva  che  allora  dessero  tnanife- 
ste  prove  di  piu  non  vederci ,  poiche  di  rado  si  leva- 
vano  di  terra,  e  fie.  pur  si  levavano  andavano  di  colpo 
a  percuoterc  le  pared  della  stanza  j  poi  precipitavano 
sul  suolo. 

Pago  di  queste  osservazioni ,  piu  allora  nulla  pensai 
a  siffatte  curio se  ricerche  :  solamente  alcuni  giorni  ap- 
presso  torndto  essendo  ,  non  so  come  ,  col  pensiere  at 
cappuccio  opaco  onde  io  bendava  i  pipistrelli  ?  mi 
venue  talento  di  surrogarne  un  altro'di  tela  rara,  at- 
travcrso  della  quale  io  toller abilmente  disccrneva  gli 
oggetli ,  persuaso  ch'  cglino  mollo  piu  polessero  discer- 
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mcno  degli  altri  l'abbiam  veduto  decisivamente 
urtare  uel  muro  ?  negli  usci  e  fino  su  cli  noi 
stessi. 


ARTICOLO 

di  lettcra  interna  ai  pipistrelli  scritta  dal  signdr 
Senebier ,  bibliotecario  della  Repubblica  di 
Gincvra ,  al  professore  Spallanzani. 

Geneve ,  ce  25  Janvier  1 79^. 

J7ai  la  a  notre  Societe  d'histoire  naturclle  vo- 
ire memoire  sur  les  chauve-souris  :  il  a  excite 
tout  Tetonnement  qu'il  devoit  produire;  je  lui 
peignis  le  desir  que  vous  avez  qu'on  repeta  ces 
experiences  j  et  chacun  Favoitj  je  lui  appris  les 
moyens  de  les  repeter  avec  les  chave-souris 
qu'on  pourroit  avoir  en  les  rechauffant.  Mon- 
sieur Jurine?  cbirurgien,  grand  insectologue-or- 
nithologue-botaniste ,  me  prorait  de  s'occuper 
de  cela:  il  le  fit  des  le  lendemain,  et  il  trova  17 
chaue-souris  dans  les  mines  de  nos  fortifica- 
tions j  entre  les  quelles  etoient  Foreiilar,  le 
grand  et  le  petit  fer-a-cheval.  II  les  rechauffa  , 
il  fit  vos  expediences  apres  en  avoir  aveugle 
quelques  unes  7  et  les  experiences  ont  parfaite- 
ment  reussi ;   il  nous  les  a  fait  voir  a  une   de 


nerli ;  e  V  esperimento  .si  fece  in  picno  giorno.  Posti 
in  una  camera  spaziosa  ,  qualche  fiata ,  c  vero ,  t^ola- 
vano  in  modo  die  mostravano  di  valersi  della  potenza 
visiva  ,  ma  il  pih.freaucnte  urtavano  conlro  le  mura- 
glic ,  come  ciechiy  e  cadevano  a  terra  senza  pi  11  sol- 
Icvarsi. 
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nos  assemblies  ,  et  il  doit  dans  ie  tnois  pro-, 
chain  nous  donner  un  memoire  sur  ce  sujet 
J'ai  vu  les  chauve-souris  aveuglees,  qui  vivoicnt 
i5  jours  apres  ['operation,  et  qui  voloient  apres 
avoir  ete  rechauffees.  Quand  il  nous  aura  lu  son 
memoire,  je  vous  en  ferai  part.  Notre  Societc 
me  charge  de  vous  remercier  de  cette  com- 
munication. 
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SYNTHESIZING  THE  WAVEFORMS 
OF  BAT'S  PULSES 

by 

J.  D.  PYE 


Over  a  number  of  years,  Griffin  and  Novick  (5,  9-12)  have  published 
oscillograph  pictures  of  the  orientation  pulses  from  a  wide  variety  of 
bats.   Several  features  of  the  various  waveforms  were  intriguing,  for 
they  had  no  ready  explanation.   Some  of  them  are  listed  below: 

1.  Components  of  different  frequency  show  marked  changes  in  relative 
phase  during  frequency  sweeps  so  that  their  harmonic  relationships 
were  in  some  doubt.   Such  phase  shifts  are  not  shown  as  long  as  the 
frequency  remains  constant  within  a  pulse,  but  they  often  change 
appreciably  between  successive  pulses  in  a  train  of  such  pulses. 

2.  The  relative  amplitudes  of  such  components  may  vary  rapidly  within 
single  pulses,  out  again  only  during  frequency  sweeps.   These  changes 
lead  to  strange  pulse -envelope  shapes  which  may,  for  instance,  show 
two  clearly  separated  peaks. 

3.  -i-'he  envelope  often  snows  amplitude  modulations,  either  at  a  sub- 
multiple  of  tne  carrier  irequency  or,  in  other  examples,  at  other 
.Lower  irequencies. 

4.  Many  of  the  waveforms  represent  almost  pure  notes  of  sinusoidal  form 
wnich  are  perhaps  more  remarkaole  than  a  series  of  harmonically 
related  components  and  suggest  that  they  are  derived  from  a  tuned 
system. 

During  the  last  two  years  I  have  collected  recordings  on  magnetic 
tape  of  the  ultrasonic  pulses  produced  by  over  65  species  from  all  the 
13  major  families  of  the  Chiroptera  (the  other  four  familes  are  either  rare, 
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Fig.  1.   A  composite  frequency- time  pattern  from  which  all  bat  pulses 
can  be  derived. 
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Fig.  2.   Four  characteristic  frequency- time  patterns  for  bat  pulses: 
(a)  frequency  sweep;   (b)  constant  frequency;   (c)  and  (d) 
two  possible  combined  types. 
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soms  almost  to  the  point  of  extinction,  or  have  restricted  distribution). 
These  have  been  analysed  by  a  method  which  combines  for  each  individual 
pulse  a  spectrographic  analysis  of  frequency  (a  Sonagram)  with  oscillo- 
graphic examination  of  waveform  and  phase.   The  work  has  confirmed  the 
above  features,  but  has  also  shown  that  all  the  variations  in  pulse  structure 
are  continuous.   This  suggests  that  they  are  derived  from  a  single  basic 
pattern  and  that  the  mechanisms  which  generate  them  have  much  in  common. 

All  the  frequency  patterns  can  be  derived  from  a  single  curve  (ivig.  1 ) 
by  gating  various  sections.   There  are  four  main  patterns  -  a  frequency 
sweep,  a  constant  frequency,  and  two  combinations  of  these  (Fig.  2). 

Within  each  of  these  types  the  energy  may  either  be  distributed 
between  a  number  of  harmonic  components,  in  which  the  fundamental  and  even 
the  second  harmonic  may  be  suppressed,  or  be  largely  restricted  to  a  single 
component  which  is  not  always  the  fundamental.   Spectrographic  analysis 
always  confirms,  within  the  limits  of  its  accuracy,  the  harmonic  relation 
of  multiple  components,  and  so  far  has  not  suggested  that  two  or  more 
harmonic  series  can  exist. 

The  problems  listed  now  require  some  explanation.   First  one  should 
examine  all  the  factors  that  can  modify  the  waveform  externally  -  i.e.  from 
the  time  of  emission  by  the  bat  to  the  final  display.   These  fall  into 
four  categories: 

(1)  Effects  introduced  by  the  recording  apparatus.   Frequency  response 
curves  are  usually  supplied  with  commercial  instruments  and  are  easily 
measured  for  equipment  constructed  in  the  laboratory.   But  phase  responses 
are  much  more  difficult  to  determine.   v. Gierke  and  v.V/ittern  (*0  have 


45 


shown  that  the  6*fO-AA  capacitance  microphone  has  a  complex  phase  response, 
especially  at  higher  frequencies.   Further  phase  changes  occur  at  every 
subsequent  stage  of  the  apparatus  and  are  often  frequency  dependent.   It 
is  not  safe  even  to  assume  that  an  amplifier  with  a  'flat1  frequency  response 
is  beyond  reproach.   An  inductance-capacitance  band-pass  filter  gives  a 
phase  response  of  +TT  to  -TT  (a  total  of  36O0)  between  the  limits  of  its 
flat  frequency  response  (see  6,. for  example).   Even  resistance-capacitance 
filters,  which  represent  the  usual  type  of  recording  amplifier,  give  +  k5° 
at  the  3^B  points.   The  amplified  pulses  may  then  be  recorded  on  tape  and 
reproduced  at  lower  speed,  perhaps  more  than  once,  before  finally  being 
displayed  on  an  oscilloscope  or  Sonagraph. 

The  actual  equipment  used  here  has  been  described  previously  0*0. 
Its  frequency  response  was  always  'flat1  to  at  least  100  kHz  and  although 
the  phase  response  has  not  actually  been  measured  for  any  part  of  the 
equipment,  the  overall  response  has  been  observed  as  follows.   A  variety 
of  imitation  bat-pulse  waveforms  was  produced  as  described  below,  radiated 
from  an  ionophone  transducer  and  treated  in  exactly  the  same  way  as  original 
bat  signals.   After  passing  through  the  analysing  system  the  waveform  was 
compared  directly  with  that  of  the  original  pulse.   Besides  a  reduction 
in  signal/noise  the  differences  between  the  waveforms  were  noticeable  but 
quite  inadequate  to  account  for  the  effects  listed  above. 

(2)  Effects  due, to  atmospheric  propagation.   Higher  frequencies  in  the  bat 
spectrum  are  absorbed  quite  rapidly  in  air.   Figures  given  by  Beranek  (1) 
show  that  the  attenuation  in  decibels  is  almost  proportional  to  frequency 
(Table  1). 
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TABLE  1 


frequency 
(kHz) 

loss  per  m 
(-dB) 

amplitude 
factor 

loss 

intensity  loss 
factor 

30 

1 

0.89 

0.79 

84 

3 

0.71 

0.50 

158 

6 

0.50 

0.25 

200 

9 

0.35 

0.12 

This  effect  will  be  particularly  important  when  broad-band  signals  are 
recorded  out  of  doors  from  free  flying  animals  which  may  be  some  distance 
from  the  microphone. 

Pierce  (13)  also  showed  that  there  is  some  dispersion  at  ultrasonic 
frequencies.   Although  his  results  may  be  open  to  some  doubt,  there  is 
little  alternative  information  on  the  properties  of  crude  air  with  water 
vapour  and  carbon  dioxide  included.   Pierce's  data  for  air  at  0°C,  inter- 
polated to  convenient  figures,  may  therefore  be  taken  to  indicate  the  kind 
of  effect  expected  (Table  2). 

TABLE  2 

frequency  (kHz)      velocity  (m/s)      path  difference  (mm) 

after  1  ms 

22.5 
^5 
90 
180 

Under  these  conditions  a  second  harmonic  of  90  kHz  would  be  retarded  in 
phase,  relative  to  a  fixed  point- in-phase  of  its  fundamental  at  45  kHz,  by 
about  170°  for  every  metre  travelled.   It  must  be  admitted  that  tests  in 
the  laboratory  by  transmitting  this  pair  of  frequencies  along  an  optical 


332.27 

0.17 

332.44  (max) 

0.0 

331.86 

0.58 

331.68 

0.76 
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Fig.  3(a)   Inner  circles  represent  waves  of  a  pulse,  frequency 

modulated  by  one  octave,  emerging  from  a  small  aperture 
in  a  baffle. 


(b)   When  two  copies  of  Fig.  3(a)  are  superimposed,  with  a 

slight  lateral  displacement,  the  moire  pattern  represents 
the  interference  effects  produced  by  two  sources.    It  is 
clear  that  the  'beams'  rotate  laterally  as  the  frequency 
falls. 
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bench  have  so  far  failed  to  demonstrate  the  effect.   But  the  point  remains 
that  very  slight  dispersion,  if  present,  could  have  a  marked  effect  on 
waveforms  recorded  at  varying  distance. 

(3)  Effects  due  to  multiple  pathways  in  air.   When  either  a  bat  producing 
frequency-sweep  pulses  or  the  microphone  is  held  near  to  a  solid  surface, 
an  echo  is  also  recorded  after  a  slight  additional  delay.   This  produces 
beats  or  apparent  amplitude  modulation  of  the  waveform.   The  presence  of 
such  beats  can  usually  be  predicted  from  a  double  sweep  resolved  on  the 
Sonagram  even  before  the  waveform  is  examined  (or  vice-versa).   In  order 
to  avoid  this  effect  it  is  necessary  to  arrange  that  no  alternative  patn 
shorter  than  one  pulse-length  is  present.   This  is  not  always  possible 
for  the  longer  pulses  and  the  effect  is  always  marked  for  bats  recorded 
while  flying  over  water,  e.g.  Noctilio  leporinus  or  Hyotis  daubentoni. 

Even  the  constant  frequency  bats  are  not  free  from  this  effect. 
The  amplitude  modulation  first  noticed  by  MOhres  (7)  for  Rhino lophus 
ferrumequinum  when  flying  but  not  when  at  rest  can  be  confirmed  for  a 
number  of  similar  forms.   It  can  be  attributed  entirely  to  the  reception 
of  Doppler  shifted  echoes  from  walls  and  other  objects,  and  at  close  range 
even  to  standing  waves  between  bat  and  microphone.   These  phenomena  are 
easily  reproduced  by  radiating  artificial  signals  from  a  small  movable 
transducer. 

(4)  Effects  due  to  radiation  patterns  around  the  animal.  Any  emitter 
whose  dimensions  are  comparable  with  the  wavelength  of  its  signal  will 
produce  a  radiation  pattern  that  is  frequency  dependent.  The  form  of 
broad-band  or  multiple  component  signals  thus  depends  on  the  relative 
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position  of  the  microphone.   This  property  is  not  easily  defined  for  the 
bats  which  emit  orally  because  the  mouth  is  a  complex  and  variable  shape. 
For  nose-leaf  bats  with  nasal  emission  the  situation  is  somewhat  simpler 
and  the  effect  more  marked.   Mtlhres  (7)  first  pointed  out  that  for  several 
species  of  Rhinolophus  the  spacing  between  the  nostrils  closely  approximates 
to  half  a  wavelength  of  their  constant-frequency,  single  component  signal. 
This  can  be  confirmed  for  a  number  of  Rhinolophids  and  Hipposiderids 
between  k$   kHz  and  150  kHz.   The  interference  pattern  in  two  dimensions 
is  easily  constructed  geometrically. 

A  more  interesting  case  is  presented  by  the  Phyllostomatid  bats 
which  radiate  a  multiple-harmonic  frequency- sweep  from  a  nose-leaf.   Here 
the  pattern  is  different  for  each  component  and  each  pattern  must  change, 
by  'opening  out  sideways1,  as  the  frequency  falls.   The  various  patterns 
can  be  visualised  by  drawing  concentric  circles  to  represent  a  frequency 
modulated  train  of  waves  and  superimposing  two  transparent  copies  to  obtain 
a  moire  fringe  pattern.   The  relative  lateral  displacement  of  these  can 
then  be  set  in  turn  to  represent  the  pattern  produced  by  each  component 
of  a  real  pulse.    It  can  be  seen  that  microphone  position  must  influence 
the  structure  (both  the  relative  amplitudes  and  the  phases  of  the  compo- 
nents) of  the  recorded  waveform  in  quite  a  complex  way.   For  the  higher 
components  one  may  even  get  maxima  or  null-minima  sweeping  past  the  recor- 
ding point  during  a  single  short  pulse. 

Such  geometrical  methods  are  an  oversimplification,  for  they  assume 
that  the  nose-leaf  consists  of  two  point  sources  in  a  plane  baffle  of 
infinite  size.   A  more  realistic  situation  has  therefore  been  tested  by 
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(a)  Taphozous  melanopogon  (9) 
complex  waveform. 


Frequency  sweep  and  low  Q  give  a 


(b)  Desmodus  rotundus  (5).   Frequency  sweep  and  'high'  Q  can  give 
a  doubled-peak  pulse  (2nd  harmonic  followed  by  3rd). 

Fig.  k.        Pulse  waveforms  produced  electrically  (lower  traces)  by  passing 
a  square  wave  (upper  traces)  through  a  fixed  resonant  filter. 
The  model  has  here  been  set  to  give  frank  imitations  of  bat 
pulses  published  by  Griffin  and  Novick  (5,  9). 
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a  simple  physical  model.   Two  holes  of  3  nun  diameter  were  drilled  in  a 
metal  plate  with  5*5  mm  (  "jjr  for  30  kHz)  between  their  centres.   A  mixed 
signal  of  30  kHz,  60  kHz  and  90  kHz  was  then  produced  by  an  ionophone 
transducer,  the  tube  of  which  was  tightly  sealed  to  one  side  of  the  plate. 
With  the  microphone  'straight  ahead1,  normal  to  the  plate,  all  three 
components  were  recorded.   Then  the  microphone  was  placed  in  the  plane  of 
the  plate  on  a  line  joining  the  hole-centres;   the  fundamental  (30  kHz, 
2  )  and  the  third  harmonic  (90  kHz,   -jT  )  were  now  almost  completely 
suppressed  leaving  only  the  second  harmonic  (60  kHz,  A  ).   The  differences 
in  waveform  were  confirmed  by  a  'frequency  section'  analysis  on  a  Sona- 
graph.   This  is  still  an  oversimplification  of  the  real  case  however, 
because  nose-leaves  have  a  very  varied  fine  structure  which  cannot  be 
explained  at  present.    Some  bats  may  also  be  able  to  influence  the 
vertical  pattern  of  sound  emission  or  to  make  small  but  effective  changes 
in  nostril  spacing. 

When  all  these  external  factors  are  taken  into  account,  they  are 
still  insufficient  to  explain  most  of  the  initial  phenomena,  which  must 
therefore  be  due  to  processes  occurring  within  the  bat  itself.   A 
feasible  explanation  of  them  has  been  found  quite  by  accident.   In  order 
to  examine  the  properties  of  echoes  from  bat- like  pulses,  an  oscillator 
was  100%  amplitude  modulated  by  a  square  pulse  and  at  the  same  time 
frequency  modulated  by  a  downward  sweep  as  in  Fig.  2.   For  convenience  a 
square-wave  multivibrator  was  used  as  the  oscillator  and  an  attempt  was 
made  to  'refine'  its  waveform  by  suppressing  the  harmonics  with  a  tuned 
filter.   The  surprising  result  was  that  a  variety  of  bat-pulse  waveforms 
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appeared  on  the  monitoring  oscilloscope  screen,  including  many  of  the 
puzzling  features. 

A  general  theory  arising  from  this  runs  as  follows.   The  laryngeal 
or  glottal  waveform  in  all  bats  is  non- sinusoidal  and  contains  a  number  of 
harmonic  components  although  the  spectrum  may  vary  in  different  species. 
But  before  emerging  into  the  outside  world  these  signals  must  traverse 
the  vocal  tracts  where  they  are  influenced  by  the  acoustic  properties  of 
the  air-filled  cavities.   Passive  resonances  will  then  alter  both  the 
relative  phases  and  amplitudes  of  the  components  and  will  lead  to  rapid 
changes  of  these  during  frequency  sweeps. 

This  is  after  all  precisely  the  phonetic  theory  of  human  vowel 
production  (2,  3)  where  the  glottal  waveform  is  pulsed  with  harmonics 
decreasing  at  the  rate  of  about  12  dB/octave,  and  there  are  four  main 
resonant  peaks,  the  formants.   These  formants  have  variable  centre 
frequencies  which  may  lie  as  high  as  the  30th.  harmonic  and  together  they 
fully  define  the  nature  of  the  vowel  sound  emitted.   In  the  case  of  bats 
it  is  only  necessary  to  postulate  a  single  formant  which  is  relatively 
much  lower  in  the  harmonic  series,  from  the  fundamental  to  the  4th  or  5th 
harmonic.   In  cases  of  oral  emission  we  may  expect  a  Droadly  tuned 
resonance  capable  of  changing  under  different  conditions.   For  nasal 
emission  through  a  nose-leaf,  the  epiglottis  commonly,  if  not  always, 
engages  the  internal  nares  so  that  the  nasal  cavity  alone  is  effective 
and  the  resonant  properties  must  be  more  rigidly  defined. 

These  conclusions  are  well  supported  by  a  re-evaluation  of  recorded 
pulses,  which  will  now  be  summarised.   On  this  basis  all  the  pulses  may 
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(c)  Rhinolophus  landeri  (9).   Constant  frequency  and  'high'  Q  can 
give  almost  pure  2nd  harmonic. 


(d)  Lonchophylla  robusta  (5).    A  'high'  Q  selection  of  higher 

harmonics  can  give  the  appearance  of  amplitude  modulation  at 
a  submultiple  frequency. 
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be  divided  into  five  classes: 

(1)  Rouse ttus  type.   This  genus  is  so  far  unique  among  the  Megachiroptera 
in  being  able  to  orientate  by  acoustic  signals.   MOhres  and  Kulzer  (8)  have 
shown  that  pulses  are  produced  in  pairs  by  clicking  the  tongue,  first  on  one 
side  and  then  on  the  other.   These  signals  are  clearly  audible  to  man, 
although  an  appreciable  part  of  their  energy  is  ultrasonic.   Their  envelope 
shape  is  that  of  a  shock-excited  resonator  with  a  sharp  rise-time  and  more 
gradual  decay.   Clearly  the  mouth  or  cheek  cavities  could  act  singly  or 
together  to  produce  this  effect.    It  is  easily  imitated  by  the  human  mouth 
which  can  be  excited  in  a  number  of  ways  and  tuned  as  in  whistling  a  melody. 

(2)  Vespertilionid  type.   Most  species  produce  a  frequency  sweep  of  short 
duration  (Fig.  2a)  although  when  hunting  out  of  doors  some  species  such  as 
Pipistrellus  pipistrellus  prolong  the  pulse  into  the  lower  constant-frequency 
region  (Fig.  2d)  and  Nye talus  noctula  may  eliminate  the  sweep  entirely. 
Emission  is  oral  except  in  Plecotus  and  possibly  in  Barbastella.   The  funda- 
mental predominates,  especially  in  Myotis  although  even  there  the  2nd  harmonic 
can  usually  be  detected  at  appreciable  amplitude  towards  the  end  of  the  pulse. 
In  some  forms,  for  example  Plecotus  and  Nye talus,  the  2nd  harmonic  and  even 
the  3rd  harmonic  are  often  very  marked.   Sptesicus  serotinus  produces 
extremely  variable  pulses,  sometimes  with  the  first  four  harmonics  all  at 
high  intensity. 

In  all  species  during  special  manoeuvres  the  pulse  repetition  rate 

_  -I 
is  increased  to  very  high  values  ( 100- 200s   ),  the  pulse  is  shortened,  the 

frequency  sweep  is  restricted  and  lowered  and  the  harmonic  content  is 

increased.   The  whole  picture  suggests  a  low  Q  filter  with  rather  variable 

resonant  frequency  coupled  to  a  relatively  pure  or  perhaps  variable  glottal 

waveform. 
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(a)   rftiynchiscus  naso  (5).    Three  pulses  showing  changes  in  the 
envelopes  produced  by  slight  frequency  shifts. 


(b)   Rhynchiscus  naso  (5).    The  end  of  a  pulse  at  higher  time-base 
speed  to  show  a.  peak  produced  by  a  terminal  frequency  sweep. 

Fig.  5»    Pulse  envelopes  produced  by  the  electrical  model  in  imitation 
of  bat  pulses  published  by  Griffin  and  Hovick  (5,  11,  12). 
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(3)  Phyllostomatid  type.   Apart  from  the  Chilonycterines,  the  majority  of 
species  in  this  family  and  several  other  families  again  produce  a  short 
frequency  sweep,  but  it  is  emitted  nasally  through  a  nose-leaf.   There 
are  several  harmonics,  of  which  two  are  sometimes  accentuated  in  turn  to 
give  double-peaked  pulse  envelopes.   The  sequence  might  be  as  follows: 
The  fundamental  is  suppressed  or  fades  rapidly,  the  2nd  harmonic  provides 
the  initial  peak  but  is  replaced  by  the  3rd  harmonic  which  produces  the 
second  peak.   The  4  th,  3th  and  even  the  6th  harmonics  may  appear  later 
as  the  frequency  falls,  but  they  are  often  faint  and  detectable  only  in  the 
Sonagram.   Relative  phase  shifts  are  especially  prominent  in  the  waveform 
as  one  harmonic  fades  and  is  replaced  by  another. 

Even  during  manoeuvres  when  the  pulse  rate  rises,  the  formant 
structure  does  not  vary  appreciably.   During  the  selection  of  higher 
harmonics  the  waveform  shows  'amplitude  modulation1,  independently  of  echo 
effects,  at  a  sub-multiple  of  the  'carrier  frequency'.   That  is,  there 
are  amplitude  maxima  every  3rd,  4th  or  3th  cycle  of  the  predominant  compo- 
nent.  This  is  typical  of  a  mixture  of  sinusoids  at  the  appropriate 
frequencies,  as  can  be  checked  with  two  oscillators  and  an  oscilloscope. 
In  the  present  case  it  indicates  a  relatively  high  Q  resonator  with  narrow 
tuning. 

Blocking  the  nostrils  artificially  leads  to  some  respiratory  stress, 
but  the  animals  can  still  fly  vigorously.    Then  the  pulses, which  are 
normally  of  very  high  frequency  perhaps,  become  clearly  audible  as  the 
fundamental  appears  and  the  spectrograph  shows  the  full  harmonic  series 
emitted  orally.   Occasionally  specimens  of  Glossophaga  soricina  showed 
this  in  the  wild,  although  the  reason  was  not  clear. 
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The  rich  harmonic  structure  and  the  fixed  formant  frequency  make 
these  animals  good  candidates  for  testing  the  effects  of  light  gases. 
In  Artibeus  jamaicensis  a  distinct  shifting  of  the  formant  structure  was 
found  when  the  animal  was  made  to  breathe  a  small,  uncontrolled  amount  of 
hydrogen.   Although  in  man  this  produces  an  apparently  continuous  shift 
in  voice  pitch,  it  is  the  formants  that  change  over  a  mixture  of  relatively 
closely  spaced  harmonics;   the  glottis  is  apparently  little  affected  by 
the  change  in  loading.   The  crude  experiment  on  Artibeus  similarly  showed 
no  change  in  the  glottal  harmonic  series  but  gave  an  upward/  shift  of 
resonance  so  that  pulses  which  were  previously  two-peaked  (2nd  harmonic 
then  3rd)  gave  way  to  a  single  peak  of  the  3rd  harmonic  halfway  through 
the  pulse. 

(*f)  iCmballonurid  type.   Here  constant  frequency  pulses  are  emitted  orally 
with  several  harmonics  of  which  the  second  is  often  the  most  pronounced, 
with  the  third  harmonic  and  the  fundamental  at  lower  levels.   This  low-Q 
system  gives  a  complex  waveform  especially  if  the  frequency  falls  slightly 
as  in  Taphozous.   Saccopteryx  produces  alternate  pulses  at  two  different 
frequencies,  perhaps  on  inhalation  and  exhalation,  which  give  different 
phase  patterns.   A  similar  effect  in  Rhynchiscus  has  been  interpreted 
as  a  variation  in  harmonic  structure  since  a  fixed  phase  relation  was 
assumed  (5).   This  now  seems  unlikely  and  for  Saccopteryx  is  not  supported 
by  spectrographic  analysis. 

(5)  Rhinolophid  type.   The  Rhinolophidae  and  some  Hipposideridae  emit 
long  pulses  of  very  constant  frequency  with  sometimes  a  slight  upward 
sweep  at  the  start  and  usually  a  downward  sweep  at  the  end.   Novick  (9) 
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first  noticed  that  in  some  species  the  energy  is  concentrated  in  the  2nd 
harmonic.   This  is  confirmed  for  four  other  species  of  Rhinolophus, 
including  R. f errumequinum ,  and  for  Hipposideros  caffer.   Despite  the 
apparently  sinusoidal  waveform,  weaker  components  can  be  detected  at  f/2 
and  3^/2  with  a  tuned  heterodyne  detector. 

The  pulses  are  invariably  emitted  nasally  and  a  nostril  spacing  of 
"^  for  the  principal  component  (the  2nd  harmonic)  seems  to  be  the  rule. 
Occluding  the  nostrils  produces  extreme  respiratory  distress  and  cessation 
of  pulsing,  but  sick  individuals  of  Rhinolophus  f errumequinum  often  show 
a  pronounced  increase  in  the  proportions  of  fundamental  and  3rd  harmonic. 
Possibly  the  sharp  harmonic  selection  is  associated  with  the  bursa  pharyn- 
gealis  which  can  become  blocked  by  mucus,  but  this  is  just  a  guess. 

The  terminal  sweep  is  interesting  because  its  amplitude  may  fall 
rapidly  from  that  of  the  constant  frequency,  or  just  as  often  rise  to  a 
pronounced  peak  before  decaying  to  zero.   Pulses  of  each  type  may  be  mixed 
together  within  the  same  pulse  train.   These  patterns  are  interpreted  in 
the  same  way  as  Saccopteryx  pulses  by  supposing  that  the  frequency  varies 
slightly  from  pulse  to  pulse.   This  is  certainly  supported  by  heterodyne 
detectors  which  effectively  magnify  the  variations  and  show  that  quite 
marked  changes  occur.    If  the  constant  frequency  lies  above  the  resonant 
frequency,  the  sweep  will  pass  through  the  peak  of  its  response  curve,  but 
if  it  lies  just  below,  the  amplitude  will  decay  rapidly  when  the  sweep  occurs, 

No  experiments  with  light  gases  have  yet  been  performed  on  these 
bats.    It  should  be  possible,  by  using  the  right  oxy-helium  mixture,  to 
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replace  the  2nd  harmonic  by  the  3rd.   Thus  the  signal  of  85  kHz  of 
Hhinolophus  ferrumequinum  should  decay  and  be  replaced  by  one  of  12?  kHz  - 
no  intermediate  frequencies  should  be  produced.   So  far  no  naturally 
occurring  pure  3rd  harmonic  has  been  found  -  even  Hipposideros  caffer 
produces  150  kHz  above  a  fundamental  of  75  kHz. 

These  interpretations  of  the  theory  as  applied  to  various  types  of 
pulse  can  be  examined  and  quantitatively  assessed  by  means  of  an  electrical 
analogue  model  which  reconstructs  the  waveforms  obtained  under  the  conditions 
postulated  for  each  case.   This  model  is  a  development  of  the  one  mentioned 
earlier,  and  is  constructed  as  follows. 

The  core  of  the  instrument  is  a  free-running  multivibrator 
oscillator  which  represents  the  laryngeal  generator.   A  saw-tooth  generator 
has  been  used,  but  a  square-wave  generator  is  better  because  the  mark/space 
ratio  can  be  varied  between  1  and  5  in  order  to  change  the  harmonic  spectrum 
produced.   The  frequency  of  the  oscillator  is  controlled  by  a  voltage 
waveform  similar  to  that  of  Fig.  1 .   This  is  produced  quite  simply  from 
the  square-wave  output  of  a  flip-flop  with  controlled  upper  and  lower 
voltage  levels.   This  is  then  integrated  with  different  rise  and  fall 
time-constants  controlled  by  two  diodes.   The  controls  provided  are  there- 
fore 'Upper  Frequency',  'Upper  Frequency  Duration',  'Sweep  Time  Constant' 
and  'Lower  Frequency'.   Another  flip-flop  starts  and  stops  the  multi- 
vibrator to  give  'Pulse  Duration',  and  both  flip-flops  are  simultaneously 
triggered  by  a  master  pulse  generator  which  determines  'Pulse  Repetition 
Rate'.   By  adjusting  these  controls  any  pattern  of  Fig.  2  or  a  number  of 
intermediate  patterns  can  be  generated  with  appropriate  time  relations. 
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The  output  of  the  multivibrator  is  then  filtered  by  a  simple  tuned 
circuit  with  variable  'Q'  and  'Resonant  (Formant)  Frequency1,  which  repre- 
sents the  vocal  tracts.   The  pulse  waveform  can  be  displayed  either  before 
or  after  filtering  and  can  be  translated  into  sound  by  an  ionophone  trans- 
ducer.   It  can  then  be  examined  by  a  heterodyne  detector  or  by  the  tape 
recording  system  for  time  expansion  and  audible  replay  or  Sonagraph 
analysis.   In  other  words,  it  can  be  treated  in  every  way  as  a  real  but 
controlled  bat  pulse.   The  uses  of  the  generator  are  therefore  much  wider 
than  the  computation  of  waveforms. 

With  careful  manipulation,  either  empirically  or  with  the  help  of 
data  from  sound  analyses,  it  is  possible  to  derive  a  close  resemblance  to 
any  given  pulse  recorded  from  a  bat.   This  is  despite  the  fact  that  no 
arrangements  are  included  for  shaping  the  unfiltered  pulse  -  the  oscillator 
is  always  gated  by  a  square  wave.   Also  no  attempt  is  made  to  produce 
asymmetrical  filter  responses  to  match  those  of  the  real  cavities,  since 
these  properties  are  not  yet  known. 

The  one  variable  which  is  often  difficult  to  predict  from  either 
waveform  or  spectrographic  analysis  is  the  Q  of  the  resonant  system. 
Use  of  the  model  shows  that  a  range  of  values  from  1  to  10  is  quite 
sufficient,  and  higher  values  give  ringing  effects  which  have  not  been 
observed  in  bat  pulses.   A  high  Q  filter  closely  coupled  to  the  laryngeal 
generator  would  be  expected  to  produce  some  distortion  of  the  sweep  by 
frequency  'pulling'  and  this  also  is  not  found.   The  waveforms  of  'sharply 
tuned  bats'  are  often  reproduced  with  Q  values  of  5  or  so,  and  mark/space 
ratios  close  to  1.   The  theory  does  not  make  any  undue  technical  demands 
upon  anatomy. 
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All  the  problematical  features  listed  at  the  beginning  of  this 
paper  can  be  reproduced  in  a  controlled,  predictable  and  therefore  explicable 
manner.   Even  the  pulses  of  Phyllostomatids  with  their  nostrils  plugged, 
or  those  of  Artibeus  in  hydrogen  gas  can  be  reproduced  by  changing  the 
appropriate  control  settings.   This  does  not  of  course  prove  that  real 
bat  pulses  are  derived  in  the  same  way,  but  the  close  resemblance  to  some 
very  varied  and  complex  waveforms  does  lend  some  credence  to  the  idea. 
Any  participant  in  the  Symposium  who  may  doubt  this  is  invited  to  handle 
the  generator  by  himself. 
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ABSTRACT 
Oscillographic  displays  of  the  orientation  signals  of  bats 
show  wide  variation,  from  a' sine-wave1  to  a  complex  waveform. 
A  simple  electrical  model  and  oscillographic/spectrographic 
analyses  of  the  pulses  recorded  from  over  60  species  of  13 
families  show  that  all  wave- forms  can  be  derived  from  a  pulsed 
glottal  waveform  by  vocal-tract  resonance.  This  mechanism 
resembles  that  of  human  vowel  production  but  involves  only  one 
formant,  relatively  low  in  the  harmonic  series.  Further  in- 
fluences may  be  introduced  by  facial  appendages,  atmospheric 
velocity-dispersion  and  the  intrusion  of  echoes  when  recording, 
The  combined  theory  adequately  explains  the  time-course  of 
harmonic  components,  their  complicated  phase-shifts,  different 
envelope  shapes  including  'hour  glass""  and  'terminal  peak' 
patterns  and  two  distinct  amplitude  modulation  effects.  It 
also  produces  the  surprising  results  that  drastic  changes 
between  adjacent  pulses  are  more  apparent  than  real,  that 
some  high-frequency  bats  emit  'pure'  harmonics  and  that  others 
are  easily  rendered  audible.  Further  work  involves  measuring 
the  predicted  properties  of  passive  components  in  the  system, 
elucidating  the  newly  defined  laryngeal  function  and  examining 
the  implications  for  echo- information  theory. 

Bats 

Ultrasound 
Waveform  analysis 
Harmonic  analysis 
Acoustic  recording 
Phonetic  theory 
Acoustic  resonance 
Analogue  model 


65 


DISCUSSION 

by 
E.J.  RISNESS 


From  an  engineer's  viewpoint,  Dr.  Pye  appears  to  have 
produced  a  very  satisfactory  explanation  of  the  observed  features 
of  the  bat's  transmitted  waveforms.  The  statement  that  the  wide 
variety  of  bat's  waveforms  can  all  be  derived  by  selecting  from 
a  limited  number  of  tone  pulses,  and  of  rising  and  falling  FM 
pulses,  illustrated  in  fig.  1,  is  of  particular  interest.  Is  this 
merely  a  neat  way  of  classifying  these  waveforms,  or  is  it  suggested 
that  the  bat  is  inherently  capable  of  producing  the  whole  sequence, 
but  only  selects  part  of  it  to  transmit? 

The  degree  to  which  Dr.  Pye  has  checked  that  his  obser- 
vations are  not  artifacts  of  the  situation  or  measuring  equipment, 
but  are  genuine  variations  of  the  bat's  note,  is  very  creditable. 
Some  small  points  of  detail  could  perhaps  be  mentioned.  A  large 
part  of  the  phase  shift  in  amplifiers  is  proportional  to  frequency 
and  hence  is  equivalent  to  a  time  delay  which  does  not  distort  the 
waveform.  Also  in  table  2  it  is  not  clear  whether  the  figures 
quoted  refer  to  group  or  to  wave  velocities,  which  would  affect 
the  significance  of  the  table. 

It  is  of  interest  to  speculate  on  the  likely  value  to  the 
bat  of  the  amplitude  and  phase  variations  produced  by  the  modu- 
lations described.  A  simple  engineering  approach  to  the  problem 
of  signal  design  for  active  sonars  would  suggest  that  the  band- 
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width  of  the  signal  is  of  prime  importance  in  its  performance 
against  a  reverberation  background  and  its  range  resolution. 
Similarly  the  duration  of  the  signal  affects  its  performance 
against  a  noise  background  and  also  its  doppler  resolution. 
Amplitude  variations  are  of  little  consequence  (unless  one  is 
peak  power  limited  e.g.  by  cavitation  in  the  underwater  case, 
in  which  case  it  is  better  to  transmit  at  constant  amplitude). 
Phase  variation  also  matters  little  -  it  is  the  relative  phase 
between  transmitted  and  received  signal  that  counts.  However, 
the  detailed  shape  and  spectrum  of  the  signal  may  be  important 
in  the  presence  of  interfering  signals,  e.g.  other  bats.  Has 
Dr.  Pye  any  evidence  that  the  transmitted  waveforms  of 
individual  bats  are  sufficiently  different  for  this  to  be  a 
significant  possibility? 
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DISCRIMINATION  OF  THIN  WIRES 
BY  FLYING  HORSESHOE  BATS  (RHINOLOPHIDAE) 

by 

H.-U.  SCHNITZLER 


The  orientation  sounds  of  horseshoe  bats  were  studied  by  MtJhres 
in  195  3.  He  found  that  horseshoe  bats  employ  relatively  long 
pulses  of  constant  frequency  at  a  repetition  rate  of  5  -  6 
pulses/sec.  The  apparatus  that  MtJhres  used  did  not  allow  a  com- 
plete analysis  of  orientation  sounds.  With  an  improved  recording 
technique  it  was  possible  to  record  the  orientation  sounds  of 
flying  horseshoe  bats.  My  interest  has  been  focussed  on  the 
problem  of  changes  in  sound  character  in  different  orientation 
situations,  for  instance  in  obstacle  avoidance  during  flight. 

Methods 

Two  species  of  horseshoe  bats  were  studied,  Rhinolphus  ferrum- 
equinum  and  Rhinolphus  euryale.  The  bats  were  kept  in  a  room  7.5 
metres  long,  3.3  metres  wide  and  2.1  metres  high  (Fig.l).  The  room 
was  divided  by  means  of  a  curtain  into  a  feeding  room  and  a  flying 
room  where  the  bats  had  their  roosts  and  could  fly  freely. 
During  the  experiments  the  bats  flew  from  the  starting  place 
straight  to  the  landing  bar  through  a  90  cm  square  gap  in  the 
curtain.  At  the  landing  bar  they  were  given  half  a  mealworm 
and  then  returned  to  the  starting  place.  A  movable  frame  with 
vertical  wires  could  be  mounted  within  the  gap  in  the  curtain. 


This  paper  gives  a  provisional  summary  of  some  experiments 
conducted  in  connection  with  my  thesis  which  is  not  as  yet 
completed. 
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Fig.  1 :   Diagram  of  the  room  used  for  experiments. 


70 


orientation  pulse  of    a    resting  bat 


mixed  with  the  proper  frequency  of  83  Kc 


f 

'    10  msec 


Pig.  2 :  Orientation  pulse  of  a  bat  at  rest, 
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Fig.  J>:    Orientation  pulses  of  a  bat  at  rest. 
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The  flight  route  was  divided  into  4  parts  by  light  barriers 
with  photo  cells.  The  orientation  pulses  of  the  bats  in  flight 
were  detected  by  a  microphone  mounted  behind  the  landing  bar. 
They  were  either  recorded  directly  on  a  two  beam  oscilloscope 
after  passing  a  filter  and  an  amplifier,  or  were  heterodyned  with 
a  sinus  frequency  and  then  fed  into  the  oscilloscope.  The  im- 
pulses of  the  photo  cells  I  -  III  were  recorded  on  the  second 
beam.  The  photo  cell  at  the  landing  bar  ended  this  recording  by 
triggering  a  relay. 

Orientation  sounds  of  a  bat  at  rest 

Fig.  2  shows  the  orientation  pulse  of  a  bat  at  rest  re- 
corded with  high  velocity  film.  The  pulse  duration  was  54  msec. 
Below,  a  similar  pulse  is  shown,  heterodyned  with  a  sinus  fre- 
quency corresponding  to  the  bat's  own  pulse  frequency,  and  the 
beat  frequency  is  recorded.  Sinus  and  pulse  frequency  are  fully 
compensated  in  the  long  initial  part.  Accordingly,  this  initial 
part  has  a  constant  frequency  as  high  as  the  sinus  frequency  of 
83  kHz.  In  the  terminal  part  the  beat  frequency  drops  by  at  least 
20  kHz.  Therefore,  this  part  is  frequency-modulated.  I  found 
this  division  into  a  long  initial  part  of  nearly  constant  fre- 
quency, and  a  short  terminal  part  which  is  frequency-modulated 
by  at  least  20  kHz  in  all  orientation  sounds. 

The  frequency  of  83  kHz  is  a  very  intensive  1st  harmonic 
of  a  faint  basic  frequency  of  41.5  kHz. 

Fig.  3  shows  orientation  pulses  of  a  bat  at  rest.  The  mean 
duration  is  60  msec  at  a  repetition  rate  of  5.6  pulses/sec.  When 
a  clicking  noise  occurs  the  pulses  are  shortened  to  55  msec  and 
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Fig.  4;  Recording  of  the  orientation  sounds  during  flight 
from  the  starting  place  to  the  landing  bar. 


orientation  pulses  of  a  resting  bat 


-o-O — O—O-o 


x   -r 


of  a  landing  Bat 


'Oms'ec 


Fig.  5:  Comparison  between  the  orientation  pulses  of  a  resting 
and  a  landing  bat- 
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the  pulse  repetition  rate  rises  to  7.5  pulses/sec. 

Orientation  pulses  of  a  bat  flying  in  an  obstacle-free  room 

Fig.  4  demonstrates  the  orientation  sounds  accompanying 
an  obstacle- free  flight  from  the  starting  place  to  the  landing 
bar.  In  free  flight  a  bat  initially  emits  long  pulses  followed 
by  several  groups  of  2,  3,  and  4  pulses  and  a  final  buzz;  when 
approaching  the  landing  bar,  of  12  -  20  pulses.  All  groups,  in- 
cluding the  groups  with  one  long  pulse,  have  almost  the  same 
duration  of  100  -  110  msec  except  the  final  buzz  which  is  of 
longer  duration.  The  repetition  rate  of  the  groups  (9-10  groups/ 
sec)  seems  to  be  correlated  to  the  respiratory  cycle. 

Such  a  recording  only  allows  one  to  plot  the  sound  character- 
istics as  pulse  repetition  rate  and  pulse  duration  against  a 
time  base.  It  is  of  greater  interest  to  use  the  distance  flown 
as  a  basis  for  the  diagrams.  Therefore,  I  heterodyned  the  orien- 
tation sounds  of  the  flying  bats  with  a  sinus  frequency  correspon- 
ding to  the  frequency  of  the  bat's  own  pulses.  When  the  sounds 
of  bats  at  rest  are  recorded  the  sinus  frequency  and  the  initial 
constant  frequency  of  the  orientation  pulses  are  compensated. 
When  the  bats  are  in  flight  the  Doppler  effect  produces  a  beat 
frequency  which  is  an  exact  measure  of  the  flight  velocity. 
This  beat  frequency  was  recorded.  In  this  way  it  was  possible 
to  calculate  the  flight  velocity  for  each  orientation  pulse  and 
thus  to  plot  a  flight  velocity/time  graph  (Fig.  6a).  The  area 
below  the  curve  indicates  exactly  the  distance  flown.  The  distance 
flown,  therefore,  during  each  orientation  pulse  could  be  calcu- 
lated by  measuring  the  corresponding  area  below  the  curve.  The 
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Fig«  6;  Sound  characteristics  of  a  flight  in  an  obstacle- 
room. 
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marks  of  the  photo  cells  made  it  possible  to  check  this  calcu- 
lation. 

Fig.  6  b  demonstrates  the  pulse  repetition  rate  plotted 
against  the  flight  route.  The  repetition  rate  increases  about 
10  pulses/sec  during  free  flight  to  72  pulses/sec  in  the  final 
buzz. 

The  pulse  duration  decreases  from  an  average  of  50  msec  in 
free  flight  to  a  minimum  of  10  msec  in  the  final  buzz  (Fig.  6c). 

The  flight  velocity  remains  fairly  constant  in  free  flight, 
and  drops  when  landing  (Fig.  6  d). 

The  pulse  repetition  rate  is  to  be  considered  independently 
of  the  flight  velocity,  and  therefore  it  is  not  a  suitable  measure 
for  judging  the  situation  of  orientation  in  a  flying  bat,  for  a 
bat  with  a  constant  pulse  repetition  rate  emits  twice  the  number 
of  pulses  in  covering  the  same  distance  by  reducing  its  flight 
velocity  by  half.  For  this  reason  I  have  used  a  new  term,  the 
"pulse  density",  which  is  defined  as  the  quotient  of  pulse  repe- 
tition rate  and  flight  velocity.  Its  unit  of  measurement  is 
pulses/m. 

Fig.  6  e  shows  that  the  pulse  density  rises  from  2-3  pulses/m 
in  free  flight  to  a  maximum  of  61  pulses/m  in  the  final  buzz. 

Comparing  the  lowest  pulse  repetition  rate  with  the  highest 
resulted  in  the  ratio  of  1  :  6.  With  corresponding  pulse  densities 
the  result  is  a  ratio  of  1  :  30.  In  other  words,  when  landing  the 
bats  emit  30  times  more  pulses  than  during  a  free  flight  of  the 
same  distance. 

If  the  intensity  of  the  initial  part  with  the  constant 
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7:  Obstacle  avoidance  of  Rh.  ferrum -equinum  and  Rh.  euryale 
flying  through  a  row  of  vertical  wires  spaced  17  o  cm 
apart,  but  differing  in  diameter. 
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frequency  and  the  terminal  frequency-modulated  part  of  the  orien- 
tation pulses  are  compared,  the  intensity  of  the  frequency-modu- 
lated part  is  increased  in  the  pulses  of  landing  bats  (Fig.  5). 

Obstacle  of  vertical  wires  with  constant  space  between  wires 
and  varying  wire  diameter 

Fig.  7  represents  a  graph  of  the  percentages  of  hits, 
touches  and  misses  which  resulted  from  the  bats  flying  through 
a  movable  obstacle  of  vertical  wires  of  variable  diameter  and  with 
a  constant  distance  of  17.5  cm  between  them.  This  experiment  was 
made  with  two  Rhino lphus  ferrum-equinum  with  a  wing-span  of  36  cm, 
and  two  Rhino lphus  euryale  with  a  wing-span  of  30  cm.  When  the 
diameters  of  the  wires  varied  between  2  and  0.08  mm,  the  total 
of  misses  was  distinctly  higher  than  the  optimal  chance  rate  of 
about  50  7o.  At  0.05  mm  the  bats  were  no  longer  able  to  avoid  the 
thin  wires.  Comparing  the  number  of  touches  and  hits  a  ratio  of 
1  :  3  emerges  for  wires  up  to  0.08  mm  in  diameter.  This  ratio 
is  probably  due  to  inaccurate  flight  correction.  With  a  wire 
diameter  of  0.05  mm  the  ratio  is  1  :  1.  This  confirms  the  finding 
that  the  bats  are  not  able  to  avoid  these  fine  wires. 

A  study  of  orientation  sounds  with  different  wire  diameters 
produced  similar  results  when  the  diameters  varied  between  2 
and  0.5  mm.  A  typical  sound  sequence  at  a  wire  with  a  diameter 
of  1.5  mm  is  shown  in  Fig.  8.  Before  passing  the  obstacle  the 
bat  emits  a  long  buzz  of  15  -  20  pulses  at  a  pulse  duration 
rate  of  10  msec.  In  Fig.  10  the  pulse  repetition  rate  increases 
to  a  maximum  of  77  pulses/sec,  while  the  pulse  duration  drops  to 
10  msec.  Furthermore,  one  notices  a  considerable  decrease  in  flight 
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Fig»  8;  Recording  of  the  orientation  sounds  of  a  flight  through 
an  obstacle;  wire  diameter  1,5  mm,  space  between  wires 
17-5  cm. 
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Fig.  9:  Recording  of  the  orientation  sounds  of  a  flight  through 
an  obstacle;  wire  diameter  0.1  mm,  space  between  wires 
17.5  cm. 
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velocity  while  the  pulse  density  increases  to  a  maximum  of 
67  pulses/m. 

Using  diameters  from  0.2  to  0.08  mm  another  sound  sequence 
appears  which  is  represented  in  Fig.  9.  There  is  no  final  buzz 
before  passing  the  obstacle,  and  the  highest  number  of  pulses  per 
group  is  3.  The  pulse  repetition  rate  increases  to  only  45  pulses/ 
sec  (Fig.  11),  the  pulse  duration  drops  to  a  minimum  of  18  msec, 
and  the  pulse  density  only  rises  to  20  pulses/m  instead  of  60  to 
70  pulses/m  as  in  the  case  of  diameters  from  2-0.5  mm. 

At  diameter  0.05  mm  the  bats  emitted  1-2  groups  with  2  or 
3  pulses.  It  is  not  certain  whether  the  bats  actually  detect  the 
wires.  It  is  also  possible  that  the  small  increase  in  the  re- 
petition rate  is  caused  by  training  on  the  position  of  the  ob- 
stacle. Further  experiments  will  be  made  in  order  to  solve  this 
problem. 

Discussion 

According  to  my  results  the  long  pulses  are  emitted  at  rest, 
on  starting,  and  during  free  flight.  On  approaching  an  obstacle 
or  while  landing  the  pulse  repetition  rate  and  the  pulse  density 
rise,  and  the  pulses  are  shortened.  The  bats  probably  try  to  gather 
more  information  about  their  environment  by  measuring  distances. 
This  could  be  a  reason  why  the  intensity  of  the  frequency-modu- 
lated terminal  part  is  much  higher  in  the  short  pulses.  Such  short 
and  intensive  frequency-modulated  pulses  are  highly  suitable 
for  the  measuring  of  distances. 

When  the  bats  rest  or  fly  freely,  however,  they  emit  long 
pulses  of  constant  frequency  with  a  frequency-modulated  part 
of  low  intensity.  It  is  possible  to  interpret  the  meaning  of 
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'is.  10;  Sound  characteristics  of  a  flight  through  an  obstacle; 
wire  diameter  1,5  mm>  space  between  wires  17.5  cm. 
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these  long  pulses  in  different  ways,  e.g.  MtJhres  195  3.  Another 
hypothesis  follows: 

The  echoes  of  the  orientation  pulses  of  flying  bats  show  a 
Doppler  frequency  shift  according  to  flight  velocity.  All  echoes 
reflected  by  motionless  objects  show  this  modification.  A  moving 
object,  e.g.  an  insect,  causes  a  different  Doppler  shift.  By 
means  of  this  different  frequency  any  echo  from  a  moving  object 
will  immediately  attract  the  bats'  attention,  and  they  recog- 
nize a  moving  object.  From  the  sweep  of  the  Doppler  shift  the 
bat  is  even  able  to  detect  whether  the  object  is  moving  away  from 
or  towards  it.  Prolonged  pulses  render  it  more  probable  that 
all  movements  are  recognized,  and  the  bats  therefore,  emit  long 
pulses.  Once  the  moving  object  has  been  detected  the  bat  emits 
a  buzz  with  a  high  pulse  repetition  rate  and  short  pulses  before 
making  its  catch.  The  long  orientation  pulses  of  resting  bats 
may  serve  as  an  alarm  system,  since  any  moving  object  can  be 
detected  by  means  of  the  Doppler  effect. 

These  experiments  show  that  rhinolphid  bats  like  all  other 
families  of  bats,  so  far  studied,  increase  the  pulse  repetition 
rate  and  pulse  density  when  approaching  an  obstacle  or  before 
landing.  It  is  probable  the  extremely  long  pulses  emitted  by 
resting  and  free-flying  horsehoe  bats  are  used  for  the  de- 
tection of  moving  objects  by  means  of  the  Doppler  effect.  This 
does  not  exclude  the  fact  that  the  prolongation  can  have  a  func- 
tional importance  in  other  respects. 
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11 :  Sound  characteristics  of  a  flight  through  an  obstacle; 
wire  diameter  0,1  mm,  space  between  wires  17.5  cm. 
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-^2'  12:  Rhinolophus  ferrum-equinum  passing  an  obstacle; 
wire  diameter  2  mm,  space  between  wires  15  cm. 


Fig.  13;  Rhinolophus  euryale  passing  an  obstacle;  wire 
diameter  2  mm,  space  between  wires  15  cm. 
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Abstract 

Rhino lphus  ferrum-equinum  emits  orientation  pulses  con- 
sisting of  a  long  initial  part  of  constant  frequency,  (83  kHz) 
and  a  short  frequency-modulated  terminal  part.  While  resting 
or  flying  freely  the  bats  emit  pulses  lasting  60  -  50  msec  at 
a  pulse  repetition  rate  of  6  -  10  pulses/ sec.  When  landing  or 
passing  an  obstacle  of  vertical  wires  with  a  diameter  of  2-0.5  mm 
the  pulse  duration  shortens  to  a  minimum  of  10  msec,  and  the  pulse 
repetition  rate  increases  to  70-80  pulses/sec.  The  pulses  are 
emitted  in  groups,  the  repetition  rate  of  which  seems  to  corres- 
pond to  the  respiratory  cycle.  At  wire  diameters  below  0.08  mm 
the  bats  are  no  longer  able  to  avoid  the  wires.  When  the  bats 
land  or  pass  an  obstacle  the  intensity  of  the  frequency-modulated 
terminal  part  increases.  This  part  is  probably  used  for  the 
measuring  of  distances.  The  long  pulses  of  resting  and  free- 
flying  bats  are  interpreted  as  a  special  adaptation  for  de- 
tecting moving  objects  by  means  of  the  Doppler  effect. 
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PSYCHOACOUSTICS  OF  OBSTACLE 
DETECTION  USING  AMBIENT 
OR  SELF-GENERATED  NOISE 

by 

J.  P.  WILSON 


Introduction 

As  many  factors  are  involved  in  the  auditory  detection  of 
obstacles,  it  is  advisable  to  place  the  particular  aspect  to  be 
considered  in  context.  The  simplest  type  of  obstacle  is  one 
which  emits  sound.  In  this  case  it  is  possible  to  localize  it 
in  space  relative  to  the  observer  in  terms  of  its  polar  co- 
ordinates. The  azimuth  can  be  evaluated  from  the  interaural 
intensity  difference  and,  to  a  lesser  extent,  the  interaural 
time  difference.  For  broadband  sounds  extending  to  high 
frequencies  the  complex  polar  sensitivity  diagram  of  the  pinna 
enables  sources  of  sounds  to  be  localized  roughly,  both  in 
azimuth  and  elevation,  and  possibly  to  some  extent,  even  in 
distance.  Small  movements  on  the  part  of  the  observer  give  rise 
to  systematic  changes  in  each  of  the  above  parameters  leading 
to  an  enhancement  of  accuracy,  to  the  resolution  of  certain 
ambiguities,  and  to  the  judgement  of  distance  from  the  rate  of 
change  of  amplitude  with  distance.  In  addition  to  this  latter 
cue  the  ratio  of  direct  to  reverberant  sound  can  give  information 
about  distance. 

Turning  now  to  silent  obstacles  we  are  faced  with  certain 
difficulties.  It  is  necessary  for  the  obstacle  to  reflect  enough 
sound  to  be  heard  in  the  presence  of  the  sound  source  itself. 
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This  involves  both  physical  and  psychoacoustic  factors.  The 
physical  factors  are  (a)  that  the  obstacle  should  be  large 
enough  compared  with  the  wavelength  of  sound  to  reflect  rather 
than  diffract  or  scatter  the  sound  and  (b)  that  the  obstacle, 
sound  source,  and  observer  should  be  so  positioned  that  the 
specularly  reflected  sound  should  reach  the  ears  of  the  observer 
i.e.  that  the  acoustic  image  of  the  source  should  be  "visible" 
in  the  reflecting  surface  of  the  obstacle.  It  is  obvious  that 
a  good  many  natural  situations  cannot  satisfy  these  conditions. 
The  psychoacoustic  factors  are  involved  with  the  ability  of 
the  auditory  system  to  detect  the  reflected  sound  in  the  presence 
of  the  direct  sound.  This  can  be  achieved  in  two  complementary 
ways  (a)  by  the  spatial  resolution  of  source  and  acoustic  image 
so  that  each  can  be  heard  separately  at  its  appropriate  position 
in  space  and  (b)  by  the  analysis  of  the  combined  signal  at  the 
ear  enabling  primarily  the  path  difference  to  be  determined  and 
secondarily  something  about  the  nature  of  the  obstacle  from  the 
bandwidth  of  the  frequency  spectrum  changes  introduced.  These 
two  psychoacoustic  factors  (a)  and  (b)  are  really  the  crux  of 
the  problem  and  it  is  unlikely  that  in  any  natural  situation 
one  will  be  present  without  the  other.  The  efficient  functioning 
of  (a)  requires  two  ears  including  pinnae  and  frequency  compo- 
nents extending  towards  the  upper  limit  of  hearing  whereas  (b) 
can  operate  quite  adequately  through  a  single  microphone  and 
headphone  and  need  not  include  the  highest  frequencies.  Indeed 
this  cue  can  be  perceived  more  readily  under  these  conditions 
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than  naturally  although  it  is  unlikely  that  there  is  any 
significant  difference  in  its  magnitude  over  the  range  of 
frequencies  for  which  it  is  most  effective.  It  is  this  monaural 
cue,  the  reflection  tone,  with  which  this  paper  is  chiefly 
concerned. 

Theory  of  the  Reflection  Tone 

When  a  reflected  sound  wave  is  added  to  the  direct  sound 

wave  arriving  at  the  ear  physical  interference  takes  place  so 

that  some  frequencies  are  reinforced  and  others  cancelled.  The 

frequency  spectrum  is  modified  so  that  the  pressure  P  for  any 

frequency  component  f  becomes 

P  =  P   (l+a2+2a  cos  2iTft) 
o 

where  (a)  is  the  relative  amplitude  of  the  reflected  wave  and  t, 

the  time  delay  of  the  reflected  sound  relative  to  the  direct 

sound.  This  means  that  a  "white"  noise  would  become  modified  and 

would  no  longer  contain  equal  energy  for  each  unit  frequency 

bandwidth  but  would  have  a  series  of  peaks  at  frequencies 

c  ,  2c  ,  3c  ,  4c 

s   s    s    s 

and  dips  at  frequencies 

£  IS       IS.       IS. 

2s'  2s  '  2s  '  2s 

where  c,  is  the  velocity  of  sound  and  s  the  path  differcence 
(Figure  1).  The  peaks  are  widely  spaced  for  small  delays  or 
small  path  differences  and  closely  spaced  for  long  delays  and 
long  path  differences.  Figure  2  shows  a  Sonogram  for  delays  in 
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the  range  0-7  milliseconds.  This  information  about  path 
difference  or  range  is  of  course  also  available  in  a  time 
analysis.  The  auto-correlation  function  is  illustrated  also 
in  Figure  1,  but  a  simple  additive  correlation  would  also  yield 
this  information.  This  can  be  demonstrated  by  superimposing 
several  traces  on  an  oscilloscope  each  triggering  when,  for 
example,  the  wave  passes  positively  through  zero.  Thus  the 
presence  of  these  frequency  spectrum  modifications  does  not 
necessarily  imply  that  the  ear  analyses  the  signal  in  this  way. 
What  observers  report  hearing  is  a  tone  whose  pitch  gets  higher 
as  the  path  difference  decreases  (1,  8).  The  pitch  of  this  tone 
corresponds  to  that  of  the  frequency  of  the  first  peak  in  the 
spectrum  or  I  .  A  theoretical  graph  relating  pitch  to  path 
difference  is  given  in  Figure  3. 

Geometrical  factors 

The  effectiveness  of  this  pitch  cue  to  distance  will  depend 
on  the  geometrical  arrangement  of  source,  reflector,  and  ob- 
server. In  the  general  case  the  path  difference  will  be  given  by 

s  =Jx2  +  z2  +  (b  +  y)2  -Yx2  +  z2  +  (b  -  y)2 

where  b  is  the  perpendicular  distance  of  the  source  from  the 
reflecting  surface,  y  is  the  perpendicular  distance  of  the  ob- 
server from  the  surface,  and  x  and  z  the  longitudinal  and  ver- 
tical differences  in  coordinates  between  source  and  observer 
(Figure  4).  This  expression  can  be  simplified  in  a  numbers  of 
ways,  e.g. 
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(i)        if  x=0,  z=0  and  b>  y,  s=2y 

(ii)       if  x=0,  z=0  and  b=y,  i.e.  if  the  observer 
carries  the  source  of  sound,  s=2y 

(iii)      if  x=0,  z=0  and  b^  y,  s=2b  i.e.  the  pitch  would 
then  depend  on  the  position  of  the  source  but  not  the  observer. 
This  particular  situation  would'  not  necessarily  be  of  any 
significance  in  practice  because  the  source  of  sound  itself 
would  have  to  be  negotiated  before  the  reflecting  surface  could 
be  considered  as  an  obstacle. 

Situations  in  which  the  source  is  at  a  considerable  distance, 
i.e.  b^  y,  are  desirable  so  that  the  ratio  of  the  path  lengths 
can  be  near  unity.  The  relative  amplitudes  will  then  also  be 
near  unity  allowing  high  spectrum  modulation  depths  to  occur. 

The  ideal  arrangement  would  have  the  further  constraint  of 
observer  and  source  lying  in  a  line  normal  to  the  surface  giving 
a  path  difference  just  twice  the  distance  of  the  ears  from  the 
reflector  and  independent  of  small  changes  of  angle  of  the  source. 
In  general  the  path  difference  for  a  distant  source  at  an  angle 
9     from  the  normal  will  be  s  =  2p  cos  0   where  p  is  the  perpen- 
dicular distance  of  the  observer  from  the  surface.  An  everyday 
condition  in  which  this  change  of  pitch  with  change  of  source 
angle  is  readily  perceivable  occurs  when  an  aeroplane  passes 
overhead.  In  this  case  the  effect  depends  on  a  ground  reflected 
wave  and  the  perpendicular  distance,  represented  by  the  height 
of  the  ears  from  the  ground,  is  constant  but, 0   ,  the  angle 
between  the  aeroplane  and  the  vertical  is  varying.  The  pitch 
therefore  starts  at  a  high  value  falls  to  a  minimum  when  the 
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aeroplane  is  overhead  and  rises  to  a  high  value  again.  (This 
should  not  be  confused  with  the  Doppler  effect  which  depends 
on  the  speed  of  the  aeroplane  and  in  which  the  whole  spectrum 
of  sound  is  shifted  upwards  on  approach  and  downwards  on 
recession). 

The  implication  of  this  dependence  on  source  angle  for  the 
blind  man  is  that  to  utilize  the  information  fully  he  would  have 
to  make  a  correction  which  would  depend  on  his  perceiving  both 
the  direction  of  source  and  direction  of  reflection. 

In  most  natural  situations  and  particularly  indoors  many 
reflections  occur.  Some  of  the  distance  such  as  from  floor  and 
ceiling  remain  constant,  and  are  not  required  by  the  blind  man, 
but  the  possibility  of  confusion  with  relevant  path  differences 
exists.  Generally  the  nearest  object,  giving  the  highest  pitch, 
will  be  the  most  important  so  that  the  auditory  system  might 
conceivably  be  organized  to  give  priority  to  the  highest  pitch. 
An  effect  which  might  support  this  suggestion  has  been  des- 
cribed by  Thurlow.  When  two  identical  regular  trains  of  pulses 
are  combined  so  that  an  alternation  of  long  and  short  time 
intervals  occurs  a  pitch  corresponding  to  the  shorter  but  not 
to  the  longer  time  interval  can  be  perceived  (10). 

A  further  complication  may,  however,  arise  with  multiple 
reflections  when  the  time  interval  between  two  successive  re- 
flections may  be  less  than  that  between  the  direct  wave  and  the 
first  reflection.  It  is  again  possible  to  postulate  a  system  of 
priorities  ordered  in  time  sequence  but  there  is  no  real  evidence 
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on  this  point. 

Dynamic  Factors 

Many  of  the  difficulties  and  ambiguities  outlinedabove  can 

be  resolved  when  dynamic  aspects  of  the  situation  are  included 

(12).  Movement  of  the  observer  will  cause  some  path  difference 

to  increase  and  others  to  decrease  and  the  change  of  pitch 

caused  by  a  given  amount  of  movement  is  itself  a  measure  of 

the  distance  to  the  obstacle  in  the  direction  of  motion.  To 

digress  slightly  it  has  been  found  that  subjects  report  the 

pitch  as  musical  in  nature  for  these  types  of  signal,  and  are 

able  to  place  them  accurately  on  the  scale  within  a  particular 

octave  but  are  not  certain  within  which  octave  they  occur.  There 

are  two  points  which  arise  out  of  this  observation:  the  occurance 

of  octave  errors  indicates  the  possibility  of  making  related 

errors  in  distance  judgements  (i.e.  judging  — ,  —,  x2,  x4,  the 

4  2 

true  distance)  and  secondly  that  musical  interval  or  the  lo- 
garithm of  frequency,  — ,  should  be  considered  as  the  basic 
scale  rather  than  frequency  itself. 

Returning  now  to  the  effects  of  a  small  movement  of  the 
observer,  dx,  it  follows  that  as  f  =  - 


1  _  c       .   df  =  c 
ds   s2 


and 


df/f  _   l 
ds      7 


(This  type  of  relationship  for  motion  parallax  is  quite  general 
and  could  alternatively  represent  the  change  in  loudness  of  a 
point  source  of  sound  or  the  change  in  relative  size  of  a  re- 
tinal image).  It  can  be  seen  by  inverting  the  expression  that 


98 


the  distance  of  the  obstacle  in  the  direction  of  motion  is 
directly  proportional  to  the  amount  of  movement,  ds,  required 
to  produce  a  given  musical  interval,  ££. 

s  ■  ds  ("  d77f>- 

These  equations  are  independent  of  the  angle  of  the  source 
and  are  insensitive  to  octave  errors.  Furthermore,  the  diffi- 
culties due  to  the  presence  of  reflecting  surfaces  such  as 
floor  and  ceiling,  and  to  successive  reflections  from  adjacent 
objects  would  no  longer  arise  because  these  would  remain  constant 
during  normal  motion. 

When  an  observer  is  moving  quickly  he  will  take  longer  to 
stop.  These  higher  speeds,  however,  will  also  give  rise  to 
greater  rates  of  change  of  pitch  with  respect  to  time  or,  al- 
ternatively, a  given  rate  of  change  of  pitch  will  be  achieved 
further  from  the  obstacle.  As  the  rate  of  change  is  proportional 
to  velocity  and  inversely  proportional  to  the  distance  it  follows 
that  once  a  certain  critical  rate  of  change  has  been  achieved 
the  observer  will  have  a  constant  time,  T,  before  collision 
whatever  his  velocity,  v. 


df/f  = 

_  I     but     v  =  5|s 
s                          dt 

ds 

df/f  = 
dt 

-v=-l     or  T= 
s            T 

-    1 
df/f 
dt 

An  experiment  of  Leonard  and  Wycherley  (5)  gave  stopping 
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distances  proportional  to  speeds  up  to  about  8  kilometre/hour 
for  a  blindfolded  subject.  The  stopping  distances  they  found 
for  this  observer  were  approximately  70cm/metre/sec.  i.e.  a 
value  of  T=0.7  sees.  (This  would  give  the  subject  1.4  seconds 
to  stop  with  uniform  retardation).  Substituting  T  =  0.7  in 
the  above  expression  gives  ~LlL  =£=  -  1.4  which  is  approximately 
2  octaves/ sec.  This  critical  value  for  rate  of  change  of  pitch 
lies  well  within  the  range  encountered  in  the  rise  and  fall  of 
formant  frequencies  in  normal  speech.  It  is  not  unreasonable  to 
suppose,  therefore,  that  the  ear  may  be  sensitive  to  such  signals. 
Furthermore,  in  the  case  of  the  cat,  cortical  neurones  have  been 
found  which  respond  only  to  certain  of  changing  pitch  and  not 
at  all  to  steady  tones  (11).  Although  the  absolute  frequencies 
are  much  higher  in  the  case  of  the  cat  the  rates  of  change  are 
comparable  (1-5  octaves/ sec). 

Types  of  Signal 

The  type  of  signal  considered  so  far  has  been  continuous 
'white'  noise.  There  are,  however,  many  kinds  of  suitable  signal 
both  continuous  and  transient.  Single  short  impulses  or  clicks 
have  been  used  extensively  (6,  9,  10):  a  single  click  has  a 
continuous  spectrum  like  white  noise  and  the  introduction  of  a 
second  click  by  reflection,  for  example,  introduces  identical 
modifications  to  the  spectrum.  The  difference  between  a  click 
and  white  noise  lies  in  the  relationship  between  the  phases  of 
the  component  frequencies  and  this  is  not  available  in  a 
frequency  or  auto- correlation  analysis.  It  may  be  more  infor- 


100 


mative  to  consider  figure  1  not  as  a  spectrum  but  as  a  filter 
or  a  weighting  function.  In  order  to  make  the  information  in 
this  filter  function  available  to  the  ear  it  is  necessary  that 
the  signal  used  should  provide  a  test  discriminating  between 
the  possible  alternative  filter  functions.  A  line  spectrum 
containing  several  lines  per  peak  in  the  function  should  be 
satisfactory  in  this  respect.  Similarly  as  the  shape  and 
spacing  of  the  peaks  is  similar  throughout  the  filter  a  small 
section  containing  only  a  few  peaks  should  be  sufficient.  It 
follows  that  differentiated  or  integrated  noise  and  various 
complex  transient  signals  are  also  satisfactory. 

It  is,  however,  possible  that  further  information  may  be 
available  in  this  filter  function.  A  small  obstacle,  for  example, 
will  not  reflect  the  lower  frequencies  effectively  so  that  the 
modulation  depth  will  be  lower  at  these  frequencies.  Similarly 
if  the  obstacle  absorbs  certain  portions  of  the  spectrum  these 
will  lead  to  correspondingly  lower  modulation  depths.  A  rather 
more  exotic  example  would  be  a  dispersive  reflecting  medium 
in  which  different  frequencies  were  reflected  from  different 
depths  or  frequency  dependent  phase  changes  introduced.  In 
these  cases  the  spacing  between  peaks  in  the  filter  function 
would  depend  on  frequency.  These  examples  each  offer  at  least 
the  possibility  of  some  form  of  obstacle  recognition  over  and 
above  the  detection  of  distance. 

The  first  half  of  this  paper  has  been  a  theoretical  con- 
sideration of  the  problems  involved  in  the  use  of  the  reflection 
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tone  by  a  blind  man.  The  second  half  of  the  paper  will  describe 
experiments  designed  to  answer  some  of  the  problems  raised 
above  and  to  understand  the  basis  of  the  perception  of  pitch  in 
the  reflection  tone.  This  study  is  not  yet  complete  and  will  be 
presented  in  greater  detail  elsewhere. 

Apparatus 

The  stimulus  signal  used  was  electrical  noise  generated  in 
a  stabilizer  tube  covering  the  audible  spectrum  (-3dB  at  ^  20Hz 

>  20KHz).  This  was  recorded  by  two  staggered  heads  on  a 
Brenell  tape  deck  at  38  cm/ sec.  and  played  back  also  by  staggered 
heads.  One  of  these  was  adjustable  along  the  length  of  the  tape 
by  means  of  a  micrometer  screw  allowing  relative  timing  between 
the  tracks  of  the  tape  of  +  30  milliseconds  (or  correspondingly 
greater  times  at  the  lower  speeds).  The  frequency  response  of  the 
tape  recorder  was  within  +  3  dB  from  40  Hz  -  25  KHz.  Speed 
accuracy  and  constancy  were  adequate  for  the  experiments  des- 
cribed. The  signals  were  presented  to  the  subject  via  Sharpe 
HA  10  headphones.  Sound  pressure  levels  were  set  using  a  B  & 
K  4133  microphone  and  a  flat  plate  coupler. 
(1)  Range  of  time  intervals 

The  lower  limit  for  detecting  the  reflection  tone  is  rather 
ill-defined.  Below  200^  sees,  the  tone  becomes  progressively 
less  musical  in  nature  but  changes  of  sound  quality  persist 
right  down  to  20  A  sees.  (The  reason  for  this  may  be  appreciated 
by  looking  at  the  Sonogram;  Fig.  2).  At  the  other  end  of  the 
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scale  the  tone  also  becomes  less  musical  and  tends  to  sound 
"periodic".  Above  25  millisecs.  the  signal  becomes  indistin- 
guishable from  a  pair  of  independent  noises.  It  is  obvious 
that  as  the  shortest  time  interval  that  sounds  different  from 
zero  is  20 M sees. ,  corresponding  to  a  path  difference  of  only 
7  mm. ,  there  is  no  significant  lower  limit  for  the  blind  man. 
The  upper  limit,  however,  may  be  of  considerable  importance 
and  corresponds  to  a  path  difference  of  10  metres  (obstacle 
distance  5  metres).  This  is  about  twice  the  distance  found  by 
Supa,  Cotzin  and  Dallenbach  in  non- ideal  practical  situations. (8) 
(2)  Threshold  for  a  Weak  Reflection 

This  experiment  was  designed  to  show  up  differences  between 
thresholds  (a)  when  the  weaker  signal  comes  first  or  second  (b) 
of  normal  sum  of  the  signals  or  differenced  sum  of  the  signals 
(Fig.  1  spectral  peaks  and  dips  reversed)  (c)  sound  pressure 
levels  of  30,  60,  and  90  dB  re  . 0002 M bar  for  the  stronger  signal 
and  (d)  for  a  range  of  10  time  delays  from  45 M  sees  to  23  milli- 
secs. 

(a)  For  continuous  noise  there  is  no  difference  in  threshold 
when  the  weaker  signal  precedes  the  stronger  one.  This  is  con- 
trary to  results  obtained  when  using  clicks.  Thurlow  (9,  10) 
reported  that  the  weaker  signal  could  be  -26dB  when  it  precedes 
the  stronger  signal  but  only  -lldB  when  following  the  stronger. 
Gillespie  (4)  found  much  smaller  differences  but  these  were  de- 
pendent on  the  time  delay  concerned.  These  differences  have  been 


103 


explained  in  terms  of  the  difference  between  backward  and  for- 
ward masking.  As  the  mean  intensity  level  in  a  continuous  noise 
signal  is  constant  it  would  appear  reasonable  that  no  such 
difference  should  exist  for  noise. 

(b)  No  difference  in  threshold  was  found  between  the 
normal  and  inverted  (Fig.  1)  type  of  signals.  This  was  not 
altogether  expected  because  the  tone  is  clearer  and  less  am- 
biguous in  the  normal  case.  It  would  appear,  however,  that  the 
threshold  is  set  by  the  ability  of  the  ear  to  detect  changes  in 
the  spectrum  envelope  or  filter  function,  at  a  fairly  low  level 
in  the  system.  This  view  is  reinforced  by  finding  (d)  below  in 
which  the  lowest  thresholds  were  found  for  the  shortest  time 
intervals  where  the  tone  is  not  well  defined. 

(c)  There  was  no  significant  effect  of  intensity  level 
over  the  range  employed  (30,  60,  and  90  dB  for  the  stronger 
signal).  This  rules  out  completely  the  hypothesis  of  Eastmond 
and  Bassett  (1)  based  on  non-linearity  of  the  ear  as  this  does 
not  occur  below  40  dB  (2).  This  result  may  also  be  considered 
surprising  when  it  is  realized  that  for  the  shorter  time  delays 
the  actual  threshold  for  the  weaker  signal  approached  -30  dB 
relative  to  the  stronger  one.  This  would  place  it  at  absolute 
threshold  for  the  30  dB  signal.  In  other  words  if  we  take  a 
noise  signal  at  absolute  threshold  and  add  30  dB  of  correlated 
noise  to  it  we  do  not  impair  its  detectability  (or  at  least  not 
by  more  than  3  dB  when  allowance  is  made  for  possible  experi- 
mental error).  With  equal  signals  the  reflection  tone  can  be 
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detected  down  to  about  3  dB  above  threshold.  As  ambient  noise 
never  approaches  such  a  low  level  the  blind  man  will  never  be 
short  of  sufficient  noise  to  detect  obstacles. 

(d)  As  mentioned  above  the  lowest  thresholds  occur  for  the 
shorter  time  intervals,  45-180yUsec,  at  about  -25  to  -30  dB 
depending  on  the  observer;  above  this  they  gradually  rise  until 
they  reach  -10  to  -20  dB  at  23  milliseconds  delay.  It  would 
appear  from  this  that  detection  depends  on  amplitude  variations 
throughout  the  spectrum  rather  than  the  excitation  of  a  specific 
pitch  mechanism.  In  this  respect  it  might  be  compared  to  the 
intensity  difference  limen.  The  lowest  threshold  obtained,  -30dB, 
would  represent  an  increase  of  0. 3  dB  at  the  peaks  and  a  de- 
crease of  0.3  dB  at  the  troughs  on  switching  in  the  weak  signal 
(i.e.  a  total  change  of  balance  in  the  signal  of  0.6  dB). 

From  a  practical  point  of  view  it  is  convenient  to  take 
20  dB  as  a  lower  limit  as  this  would  then  include  the  majority 
of  observers  over  the  time  delay  values  most  important  for 
obstacle  detection.  As  20  dB  represents  a  path  length  ratio  of 
10:1  or  an  energy  absorption  coefficient  of  0.99  (rarely  achieved 
by  acoustic  tiles  even  at  the  most  efficient  part  of  their 
spectrum)  it  is  unlikely  that  either  of  these  factors  above 
would  prove  a  limitation  in  most  circumstances. 
(3)  Pitch  of  the  Reflection  Tone 

For  the  normal  type  of  signal  the  pitch  matches  obtained 
correspond  to  the  frequency  of  the  first  peak  in  the  filter 

function,  i.e.  I,   or  to  octaves  of  this.  There  is  a  tendency, 

t 
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however,  for  octaves  to  be  misplaced  towards  the  centre  of  the 

range  from  both  extremes. 

For  the  inverted  spectrum  signal  (Fig.  1)  the  pitch  tends 

to  be  slightly  different  from  the  corresponding  normal  signal 

(i.e.  the  pitch  does  not  correspond  with  ±) .  It  is  necessary 

t 
in  this  experiment  to  use  subjects  with  a  good  musical  ear  for 

pitch. 

Several  techniques  have  been  used  for  measuring  pitch,  t 
has  been  adjusted  to  match  a  sine  and  a  square  wave;  t  for  the 
inverted  signal  has  been  adjusted  until  the  pitch  sounds  the 
same  as  for  a  normal  reflection  tone  signal;  musical  interval 
judgements  have  been  made  for  the  jump  in  pitch  obtained  when 
switching  between  the  normal  and  inverted  signals  for  a  variety 
of  time  intervals;  one  musician  brought  along  his  own  tuning 
fork  and  with  the  aid  of  this  made  interval  judgements  so 
placing  each  signal  on  the  musical  scale  (with  "sharp"  or  "flat" 
corrections). 

All  these  techniques  lead  to  similar  results. 

(a)  Below  250/4  sees,  delay  the  inverted  signal  was 
generally  reported  higher.  In  the  more  important  part  of  the 
range  above  250u  sees,  the  inverted  signal  was  generally  reported 
lower. 

(b)  When  a  particular  inverted  signal  was  heard  to  change 
oppositely  to  the  general  rule  in  (a)  above,  the  musical  inter- 
val concerned  was  similar.  This  is  contrary  to  what  Thurlow  (9) 
reported  for  clicks. 
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(c)  The  magnitude  of  the  interval  ranged  from  about  a 
semitone  (1:1.06)  at  25  millisecs.  up  to  about  3  semitones 
(1:1.2)  at  1  millisec.  Above  this  the  interval  probably  in- 
creases still  furhter  but  it  becomes  possible  to  make  several 
alternative  matches  for  a  given  signal  and  the  result  is  not  so 
clear  cut. 

This  variation  is  contrary  to  the  results  of  Fourcin  (3) 
who  reported  a  constant  interval  of  i  (1:1.14)  for  all  time 
intervals.  Nor  does  it  fit  the  hypothesis  and  experimental 
results  of  Nordmark  (personal  communication)  (6)  who  maintains 
that  the  lower  pitch  of  the  inverted  signal  can  be  interpreted 
as  an  additional  constant  time  delay. 
(4)  Filter  Experiments 

(a)  The  time  interval  was  set  to  2.5  millisecs  and  the 
signal  passed  through  an  Alison  2  AB  bandpass  filter  (30  dB/ 
octave)  with  a  constant  bandwidth  of  200  Hz  centred  on  a  range 
of  frequencies  300,  500,  700,  ...  2,500  Hz.  Only  for  the  first 
three  settings  did  the  relative  pitch  of  normal  and  inverted 
signals  appear  to  be  determined  by  the  nominal  pass  band  of  the 
filter.  Beyond  this  the  outcome  was  in  agreement  with  result  3 
(a)  above.  Thus  the  pitch  does  not  depend  on  the  presence  of  a 
certain  critical  region  of  the  spectrum.  It  should  be  stated, 
of  course,  that  energy  outside  the  nominal  pass  band  of  the 
filter  must  have  been  contributing  to  this  result. 

(b)  Individual  high  pass  and  low  pass  filtering  indicated 
that  the  presence  of  the  first  four  spectral  peaks  is  important 
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only  to  the  timbre  or  quality  of  the  sound  and  not  to  its 
basic  pitch. 

(c)  A  high  pass  filter  was  used  to  determine  how  many  of 
the  lower  peaks  could  be  removed  before  the  reflection  tone 
disappeared.  This  was  done  by  using  a  nominal  2  KHz  derived 
filter  in  which  all  energy  below  1.7  KHz  was  below  absolute 
threshold.  The  time  interval  was  then  increased  until  the 
reflection  tone  could  be  only  just  perceived.  This  value 
(21  milliseconds)  indicates  that  only  peaks  above  the  32nd 
were  contributing  to  the  tone.  The  removal  of  the  first  8 
peaks  appeared  to  have  no  detrimental  effect  on  the  subjective 
strength  of  the  tone.  It  is  unlikely  that  such  closely  spaced 
frequency  components  could  be  analysed  by  the  cochlea. 
(5 )  Phase  Shifting  Experiments 

It  is  possible  to  obtain  a  continuous  sequence  between  the 
normal  and  inverted  extremes  of  the  signal  by  the  use  of  all 
pass  phase  filters  and  multiplication  circuitry.  For  this  ex- 
periment the  band  width  was  limited  to  150  KHz  -  4  KHz  as  only 
over  this  region  were  the  outputs  of  the  phase  filters  in 
quadrature.  The  result  of  this  operation  on  the  spectrum  is  that 
that  position  of  the  peaks  and  troughs  is  moved  continuously 
upwards  or  downwards  depending  on  the  direction  of  rotation  of 
the  phase  vector  applied  to  the  other  input  of  the  multipliers. 
This  other  input  was  provided  by  a  very  low  frequency  oscillator 
the  frequency  of  which  determines  the  number  of  peaks  per  second 
passing  a  given  point  on  the  spectrum  (The  position  of  the  total 
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band  of  noise  remains  unaltered  in  contradistinction  to  the 
effect  of  a  frequency  shifter). 

The  effect  of  this  on  the  ear  is  a  sort  of  auditory 
"barber's  pole"  impression  where  pitch  rises  or  falls  con- 
tinuously. The  ear  would  appear  to  be  following  the  position  of 
individual  peaks  in  the  spectrum.  The  effect  could  not  be  heard, 
however,  for  signals  with  a  time  delay  greater  than  10  millisecs. 
This  suggest  that  for  signals  between  10  and  25  millisecs.  the 
ear  cannot  resolve  the  spectral  components  and  must  be  operating 
exclusively  on  temporal  analysis. 
(6)  An  Auditory  Negative  After-Image 

If  after  listening  to  a  reflection  tone  signal  for  a  little 
while  one  of  the  components  is  switched  out,  or  the  phones  are 
switched  to  a  single  independent  noise  source,  a  transient  tone 
can  be  heard  which  sounds  like  the  inverse  of  the  stimulating 
tone.  Quantitative  measurements  were  made  on  this  after-image 
in  two  ways  (a)  by  matching  and  (b)  by  compensation. 

(a)  A  5  sec.  stimulation  period  was  followed  by  a  5  sec.  test 
period  of  noise  alone  during  which  the  after-image  decayed  away. 
At  the  end  of  this  period  a  real  signal,  the  inverse  of  the 
stimulating  signal,  was  introduced.  This  was  adjustable  both 
in  initial  amplitude  and  in  rate  of  decay.  The  task  of  the 
subject  was  to  adjust  these  two  parameters  until  this  real 
signal  matched  exactly  the  subjective  after-image.  These  para- 
meters were  then  measured  electrically.  The  values  determined  by 
one  subject  were  an  initial  amplitude  or  modulation  depth  of  37  % 
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(compared  to  the  stimulating  modulation  depth  of  100  %)  and  an 
exponential  decay  time  constant  of  0.7  sees. 

(b)  In  the  compensation  or  cancellation  method  the  modu- 
lation depth  of  the  signal  was  suddenly  reduced  at  the  end  of 
the  stimulation  period  and  then  decreased  exponentially  to  zero, 
In  this  way  the  negative  image  can  be  just  cancelled  by  the 
decaying  positive  signal.  This,  of  course,  differs  from  the 
matching  experiment  in  that  actual  positive  stimulation  con- 
tinues during  the  test  period.  This  may  be  reflected  in  the 
results  which,  for  the  same  subject,  gave  a  modulation  depth 
of  44  %   and  a  decay  time  constant  of  1.2  sees. 

One  advantage  of  the  matching  method  is  that  it  is  very 
easy  to  check  on  the  pitch  of  the  after-image.  In  all  cases, 
and  for  several  subjects,  the  pitch  and  timbre  of  the  after- 
image were  identical  to  those  of  the  negative  matching  signal. 

The  above  experiments  provided  similar  results  for  normal 
and  inverted  stimulus  signals  and  for  30,  60,  and  90  dB  S.P.L. 
The  latter  finding  shows  that  this  type  of  after-image  is  more 
general  than  the  after-images  reported  by  Rosenblith  et  al  (7) 
and  Zwicker  (13)  which  were  fairly  critically  dependent  upon 
stimulus  intensity. 

Preliminary  tests  also  indicated  that  the  time  constant  of 
build  up  may  be  similar  at  about  1  sec. 

The  after-image  does  not  appear  to  be  dependent  on  high 
values  of  modulation  level  for  its  existance.  It  does  not 
occur  for  time  intervals  above  10  millisecs  but  below  this  it 
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shows  little  variation  in  time  constant  throughout  the  range. 
Taken  together  these  results  indicate  a  fairly  basic  function 
of  audition  that  probably  represents  adaptation  within  the 
frequency  analysing  area  of  the  cochlea. 

It  would  undoubtedly  account  for  the  frequent  report  that 
the  reflection  tone  is  much  more  readily  perceivable  when  the 
time  interval  is  changing  (12). 
(7)  Double  Delay  Experiment 

The  tape  recorder  on  which  these  experiments  were  performed 
has  4  tracks  so  that  it  is  possible  to  pass  a  signal  twice 
through  the  machine.  When  this  is  done  the  output  contains  three 
components;  a  central  one,  of  double  amplitude,  separated  by 
t  from  each  of  the  other  two  components  (Fig.  1).  The  spectrum 
of  such  a  signal  has  peaks  and  troughs  in  the  same  position  as 
before  but  the  spectral  bands  are  narrower  and  better  defined. 
It  is  possible  to  obtain  normal  and  inverted  spectra  as  before. 
The  pitches  of  these  signals  are  identical  to  those  of  the 
corresponding  single  delay  cases  although  considerably  clearer. 
This  similarity  of  pitch  would  not  be  predicted  by  a  theory 
invoking  an  additional  time  delay  to  explain  the  lower  pitch  of 
the  inverted  signal. 

Conclusions 

It  is  possible  to  draw  a  number  of  definite  conclusions  from 
these  experiments  even  though  the  details  of  the  mechanisms 
involved  in  the  perception  of  pitch  remain  obscure. 
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1.  The  pitch  is  not  determined  solely  by  the  spacing  of 
the  spectral  peaks. 

2.  The  pitch  is  not  determined  by  the  position  of  the 
fundamental  component  of  the  harmonic  series  of  peaks. 

3.  No  particular  region  of  the  spectrum  is  necessary  for 
the  phenomenon. 

4.  There  are  circumstances  in  which  a  reflection  tone  can 
be  heard  when  spectral  resolution  would  not  appear  to 
be  possible. 

5.  The  pitch  is  not  determined  by  an  auto- correlation 
function. 

6.  Several  factors  associated  with  this  phenomenon  appear 
to  require  the  spectral  resolution  of  the  signal  and  in 
most  cases  the  known  resolving  power  of  the  cochlea 
enables  at  least  part  of  the  spectrum  to  be  so  resolved. 

7.  For  the  shorter  time  intervals  it  would  appear  that 
frequency  analysis  alone  is  responsible. 

8.  The  phenomenon  is  not  due  to  non- linear  distortion  in 
the  ear. 

Many  diverse  factors  are  involved  in  the  auditory  detection 

of  obstacles.  Within  the  physical  limitations  of  the  stimulus 

situations  man  is  well  adapted  to  make  use  of  the  meagre  in- 
formation that  is  available. 

The  support  of  the  Science  Research  Council  in  this  work 
is  gratefully  acknowledged. 
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ABSTRACT 

In  the  neighbourhood  of  an  obstacle  sound  reaches  the  ear 
of  an  observer  both  directly  and  by  reflection  from  the  ob- 
stacle. Interference  between  these  signals  introduces  a  series 
of  maxima  and  minima  into  the  spectrum,  the  positions  of  which 
depend  on  the  path  difference.  A  sound  of  broad  bandwidth  takes 
a  pitch  which  becomes  higher  as  the  obstacle  is  approached.  In 
addition  to  the  pitch  itself,  it  is  likely  that  rates  of  change 
of  pitch  are  important  parameters  in  the  avoidance  of  obstacles, 

In  order  to  investigate  the  phenomenon  more  fully  a  signal 
of  this  nature  was  generated  on  a  tape  recorder  and  modified 
in  a  number  of  ways.  When  one  of  the  interfering  signals  is 
sign  inverted,  a  pitch  is  heard  which  cannot  be  explained  ex- 
clusively in  terms  of  frequency  or  time  analysis.  A  negative 
after-image  of  this  reflection  tone  is  also  described. 


Obstacle  detection 
Pitch 

Reflection  tone 
Acoustic  interference 
Auditory  after-image 
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ULTRASONIC  ORIENTATION 
IN  MEGADERMATID  BATS 

by 
F.P.  MOHRES 

Up  to  the  present  time  we  have  had  scant  knowledge  of  ultrasonic  orientation 
in  the  Megadermatidae  bat  family,  the  so-called  false-vampyre  bats  of  the 
Old  World  tropics.  All  the  information  we  had  was  based  on  the  occasional 
and  fragmentary  observations  and  experiments  of  MOHRES  and  KULZER  (1957) 
and  NOVICK  (1958).  In  the  last  few  years  we  have  been  successful  in  maintaining 
in  our  Institute  a  healthy  and  vigorous  group  of  Megaderma  lyra  from  India 
which  we  tamed  and  trained  for  experiments.  This  made  possible  a  more  complete 
investigation  than  had  been  done  before  of  the  sonar  system  and  orientation 
ability  of  these  bats.  The  research  was  carried  out  in  cooperation  with 
G.  NEUWEILER. 

Earlier  studies  of  ultrasonic  orientation  in  Megadermatid  bats  had  already 
given  promise  that  further  research  would  be  profitable.  Members  of  the 
Megadermatidae  family  have  conspicuous  nose  leafs  and  gigantic  ears  (Fig.  1). 
They  fly  with  admirable  skill  in  complete  darkness  and  in  surroundings 
crowded  with  obstacles.  Unlike  many  other  bats,  they  possess  rather  large 
eyes,  and  optical  orientation  seems  to  be  more  important  than  in  other 
groups.  Their  high  degree  of  precision  in  orientation  is  very  surprising, 
especially  as  the  orientation  signals  appear  to  be  extremely  weak.  The  term 
"whispering"  bats  coined  by  GRIFFIN  for  bats  of  a  subfamily  of  the  family 
Phyllostomatidae  (bats  using  signals  of  very  low  intensity  for  echolocation) 
may  be  applied  to  Megadermatidae.  In  comparing  the  signal  intensity  of  bats 
of  the  same  size  in  the  two  families  of  Rhino lophidae  (horseshoe-bats)  and 
Megadermatidae,  it  was  found  that  Megadermatid  bats  use  signals  having  only 
1  %  of  the  intensity  of  those  of  the  Rhinolophus  bats. 

Megaderma  lyra  is  not  an  easy  experimental  animal.  It  is  very  shy  and  extremely 
sensitive  to  noise,  and  much  experience  and  patience  is  needed  to  tame  and  train 
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it  for  experiments.  Megaderma  lyra  is  a  rather  big  bat,  the  fore-arm 
measuring  on  an  average  65  mm.  This  species  can  be  easily  distinguished 
from  other  species  of  the  same  family  by  the  special  shape  of  its  nose 
leaf.  Like  all  members  of  the  family,  Megaderma  lyra  has  huge  ears,  the  inner 
basal  margins  of  which  are  fused  together.  The  tragus  is  long  and  bifurcate. 
Megaderma  lyra  is  a  nocturnally  active  bat  which  does  not  go  out  hunting 
before  complete  darkness  has  fallen.  Unlike  other  bats,  it  is  not  pre- 
dominantly a  flying-insect  eater,  but  hunts  for  sitting  or  crawling  small 
animals  (both  insects  and  vertebrates)  nearly  as  big  as  itself.  While 
searching  for  prey  its  flight  is  slow  and  often  hovering.  On  other  occasions 
the  flight  may  be  rapid,  but  it  is  always  elegant  and  skilful. 

Our  research  was  mainly  focused  on  two  points: 

1)  the  study  of  orientation  sounds  as  such  to  determine  the  parameters 
of  those  signals  as  completely  and  exactly  as  possible, 

2)  the  study  of  the  performance  and  efficiency  of  the  sonar  system. 

For  recording  and  analysis  of  the  orientation  signals  standard  laboratory 
methods,  with  some  special  improvements,  were  used.  To  control  the  efficiency 
of  ultrasonic  orientation  the  animals  were  trained  to  pass  grids  built  of 
transparent  nylon  wires  of  varying  diameter  and  arrangement.  During  part  of 
these  passage  experiments  orientation  signals  were  continuously  recorded. 

.Character  of  the  orientation  signals 
a)  frequency  pattern 

As  NOVICK  (1958)  has  already  started,  the  orientation  signals  of  Megaderma 
lyra  have  harmonical  structure.  They  consist  of  harmonics  of  only  one  basic 
frequency  having  an  average  of  19,6  kHz.  Two  types  of  signals  may  be 
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distinguished:  sounds  in  which  the  highest  frequency  present  is  the  third 
harmonic,  and  other  sounds,  the  highest  frequency  present  of  which  is  the 
fourth  harmonic.  The  frequencies  present  remain  constant  throughout  the  whole 
pulse,  while  the  intensity  may  vary,  even  to  the  degree  that  one  or  the 
other  of  the  harmonic  frequencies  is  absent  in  parts  of  the  pulse,  prin- 
cipally in  the  beginning  (Fig.  2).  The  most  intense  frequencies  in  the 
pulses  are  58,5  resp.  78,5  kHz,  the  intensity  relation  of  these  two  principal 
frequencies  being  variable.  The  basic  frequency  of  19,6  kHz  is  not  found  in 
the  records.  It  is  either  extremely  weak  so  that  it  escapes  recording,  or  it 
is  already  lacking  in  the  pulse  itself.  Sometimes,  if  only  the  fourth  very 
intense  frequency  is  present,  the  pulses  begin  as  pure  tones.  Later  on  other 
harmonics  begin  to  appear.  In  general,  orientation  signals  of  Megaderma  lyra 
show  much  more  variety  than  NOVICK  originally  found. 

b)  pulse  duration 

Compared  with  the  orientation  sounds  of  other  bats  the  pulses  of  Megaderma  lyra 
are  extremely  short  (Fig.  3),  the  shortest  pulse  recorded  lasting  no  longer 
than  420  usee. ,  and  the  longest  one  lasting  1760  usee.  The  pulse  duration  thus 
varies  for  1300  usee.  This  variation  is  related  to  the  orientational  situation. 
The  longer  signals,  which  are  pulses  in  the  lower  frequency  range,  are  produced 
in  free  and  unimpeded  flight  in  open  space.  Shorter  (less  than  1000  usee.)  and 
higher  frequency  sounds  are  produced  by  non-flying  bats  exploring  the  en- 
vironment, and  by  flying  bats  in  approaching  a  goal  or  obstacle.  The  number 
of  single  waves  in  a  pulse  is  rather  constant  and  independent  of  either  duration 
or  pitch.  The  average  value  is  42  single  waves  in  a  pulse.  When  there  is  no 
change  in  intensity,  the  signals,  whether  short  or  long,  high-pitched  or 
low-pitched,  have  nearly  the  same  energy  content. 

c)  intensity  of  pulses 

It  is  extremely  difficult  to  satisfactorily  measure  the  intensity  of  orientation 
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signals  in  Megaderma  lyra.  The  pulses  are  very  weak  and  the  animals  do  not 
produce  regular  pulses  when  held  in  the  hand.  Finally,  the  relative  position 
of  microphone  and  bat  must  be  exactly  the  same  in  subsequent  measurements. 
Slight  turns  of  the  bat's  head  cause  great  differences  in  the  intensity 
picked  up  by  the  microphone  because  of  the  focusing  effect  (see  below).  By 
training  the  bats  and  using  a  special  experimental  arrangement,  these  diffi- 
culties were  overcome.  We  succeeded  in  obtaining  exact  measurements  of  the 
sound  pressure  of  the  signals  even  in  free- flying  bats.  The  highest  values 

of  sound  pressure  at  a  distance  of  6  -  15  cm  from  the  head  of  the  bat  were 

2 
as  low  as  1  -  lj6  dyn/cm  .  Megaderma  lyra  thus  merits  the  title  of  "whispering" 

2 
bat.  NOVIQK  (1958)  has  given  higher  values  (24  -  58  dyn/cm  at  a  distance 

of  7  cm)  for  the  same  species.  We  never  obtained  values  in  that  range,  and 

believe  NOVICK's  estimates  too  high. 

d)  focusing  effect 

Megadermatid  bats  emit  their  orientation  signals  through  the  nasal  pathway 
as  do  horseshoe  bats  (MOHRES  and  KULZER,  1957).  Earlier  experiments  had  al- 
ready shown  that  this  kind  of  emission  implied  narrow  beaming  of  sound 
energy.  We  were  able  to  measure  the  degree  of  this  focusing  effect.  As  in 
the  above-mentioned  experiments,  the  sound  intensity  was  measured  in  free- 
flying  bats  which  were  trained  to  fly  on  a  fixed  route  to  a  fixed  goal.  The 
position  of  the  animal  at  the  moment  of  measurement  was  controlled  by 
photocells.  Under  these  experimental  conditions  orientation  signals  are 
produced  with  sufficient  constancy  so  that  successive  measurements  of  sound 
pressure  at  equal  distance  from  but  at  varying  angles  to  flight  direction, 
gave  reliable  results.  The  graph  of  Fig.  4  shows  the  directional  pattern  of 
sound  emission  in  Megaderma  lyra.  From  the  curve  it  is  evident  that  the  beam 
of  sound  emitted  by  the  orientating  bat  is  concentrated  into  a  rather  narrow 
bundle.  The  focusing  effect  is  not  as  complete  as  in  horseshoe  bats  (1/2  intensity 
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at  35°  instead  of  23°  along  the  middle  line  of  the  head),  but  it  may  help 
to  make  the  sonar  of  Megaderma  carry  over  a  longer  distance  in  spite  of 
the  extremely  low  intensity  of  the  signals. 

e)  repetition  rate 

Orientation  signals  of  Megaderma  lyra  are  generally  produced  in  groups  or 
sequences  of  short  or  long  duration,  separated  from  each  other  by  silent 
intervals.  Two  types  of  sequences  may  be  distinguished:  longer  sequences  with 
low  pulse  repetition  rate,  and  sequences  with  a  high  repetition  and  short 
total  duration.  High  repetition  rate  sequences  are  characteristic  of  bats 
because  their  attention  is  attracted  by  special  objects  or  excited  by 
general  alarm.  In  such  situations,  repetition  rate  varies  within  an  average 
range  of  38-52  pulses/ sec  for  short  periods,  even  rising  to  300  or  more. 
If  the  bat  is  not  alarmed,  and  its  interest  in  the  surroundings  has  a  more 
routine  character,  repetition  rate  is  as  low  as  16-18  pulses/sec.  Comparable 
variation  in  repetition  rate  is  found  in  flying  bats.  In  flight,  repetition 
rate  is  generally  higher  than  in  resting  position.  Fig.  5  demonstrates  the 
variation  of  reptition  rate  of  bats  in  approaching  an  obstacle  L  and  a  goal 
M.  In  the  approach  phase  the  repetition  rate  rises  from  about  30  to  57 
pulses/sec.  At  the  moment  the  obstacle  (wire  grid)  is  passed,  there  is  a 
steep  decline  in  the  rate  to  13,  followed  by  a  new  rise  to  about  67  at  the 
feeding  place  (M)  just  at  the  moment  before  snapping  the  food.  It  may  be 
mentioned  that  in  the  approach  phase  the  pulses  usually  appear  as  twins. 
Whether  this  has  a  functional  meaning  or  not  we  do  not  yet  know. 

2.  Efficiency  of  ultrasonic  orientation  in  Megaderma  lyra 

Examining  the  very  low  intensity  of  the  orientation  signals  of  Megaderma  lyra, 
one  would  expect  the  efficiency  of  their  ultrasonic  orientation  system  to  be 
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rather  poor.  However,  daily  observation  of  the  flying  bats  soon  showed  that 
this  was  not  true.  Placing  grids  of  wire  across  the  bats'  pathways  proved 
to  be  a  good  method  of  checking  the  efficiency  of  their  sonar  systems. 
The  bats  were  trained  to  pass  different  grid  arrangements  placed  between 
a  fixed  resting  point  and  the  feeding  place.  In  a  first  series  of  ex- 
periments we  used  grids  made  of  vertical  wires  of  decreasing  diameter.  In 
a  second  series  we  worked  with  horizontal  wires.  Both  these  arrangements 
proved  to  present  serious  disadvantages.  The  strong  bats  did  not  pay  enough 
attention  to  the  wires  because  their  flight  was  not  much  impeded,  even  when 
they  bumped  against  the  wires.  Therefore,  in  a  third  series  of  experiments 
we  used  a  square  grid  built  of  horizontal  and  vertical  wires.  The  meshes 
of  this  square  net  had  a  width  of  no  more  than  14  cm.  Only  the  results  of 
the  third  series  of  experiments  will  be  reported  here. 

Megaderma  lyra  (wing-span  38-42  cm)  could  pass  the  square  grid  only  by 
folding  its  wings  close  to  its  body.  It  was  expected  that  the  difficulty  of 
passing  this  narrow  net  would  terrify  the  animals,  and  that  a  long  training 
period  would  be  necessary.  The  contrary  proved  to  be  true.  The  bats  passed 
through  the  net  without  hesitation  and  with  great  skill.  Their  usual  be- 
haviour was  to  dash  through  the  grid  like  missiles  (Fig.  6). 

The  grid,  fitted  with  wire  of  150  u  diameter,  caused  3  bats  of  one  group  which 
made  86  starts  to  turn  back  only  15  times.  Of  142  passages,  103  were  perfect 
with  no  touching  of  the  wires.  Megaderma  lyra,  hehaving  far  above  random 
expectation,  even  avoided  wires  of  80  u.  Finally  wires  of  no  more  than  60 jx 
were  used,  and  then  the  bats  began  to  tear  the  thin  wires  more  and  more  in 
passing  through  the  net.  Being  so  thin,  nylon  wires  may  easily  be  torn,  and 
do  not  represent  a  real  obstacle.  In  spite  of  this,  there  were  14  perfect 
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passages  out  of  78  with  no  wire-touching.  The  behaviour  of  the  bats 
approaching  the  net  made  clear  that  they  could  recognize  the  wires  even 
if  they  tore  them.  In  any  case,  the  ability  of  Megaderma  to  detect  very 
thin  wires  proved  to  be  much  better  than  in  most  other  species  of  bats. 
In  this  report,  Megaderma  can  be  compared  only  with  horseshoe  bats 
(SCHNEIDER  and  MOHRES,  1960). 

We  cannot  make  definite  statements  yet  about  the  distance  range  within  which 
the  sonar  system  of  Megaderma  lyra  is  efficient.  From  the  change  in  repetition 
rate  in  approaching  objects  one  might  conclude  that  the  system  would  not 
carry  over  distances  longer  than  50-100  cm.  This  conclusion  may  not  be  valid 
because  the  bats  were  trained,  so  preceeding  orientational  experience  might 
have  influenced  their  behaviour.  From  other  observations  made  the  real 
operating  range  seems  to  extend  to  a  distance  of  2-3  m.  This  is  a  very  large 
range  in  view  of  the  extremely  low  intensity  of  the  signals,  but  this 
question  needs  further  study  in  other  bats  as  well  as  in  Megaderma  lyra. 

Within  certain  limits  our  results  may  be  regarded  as  representative  for  the 
whole  Megadermatidae  family,  which  must  be  regarded  as  having  high 
functional  specialization.  These  "whispering"  bats  reveal  a  sonar  system  of 
astonishingly  high  efficiency.  One  feels  tempted  to  say  that  this  is 
efficiency  in  spite  of  low  intensity  signals.  However,  perhaps  the  low 
intensity  of  the  orientation  signals  is  a  special  adaptation  to  the 
particular  hunting  habits  of  Megadermatid  bats  and  to  the  special  prey 
they  live  on.  Perhaps  weak  signals  do  not  alert  and  alarm  the  prey  (mice, 
resting  bats,  birds,  geckoes  or  tree-frogs)  before  it  can  be  caught  by  the 
hovering  Megadermatid  bat. 
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A  concluding  remark  may  be  made  in  reference  to  the  role  of  optical 
orientation  in  Megadermatid  bats.  These  bats  have  relatively  large  eyes 
and  evidently  make  use  of  them,  but  the  eyes  cannot  replace  the  sonar 
system.  Optical  orientation  fails  to  secure  navigation  if  ultrasonic 
orientation  is  rendered  impossible. 
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ABSTRACT 


For  two  years  we  have  kept  a  group  of  Indian  bats,  Megaderma 
lyra,  in  our  laboratory,  and  have  been  able  to  study  the 
ultrasonic  orientation  of  one  member  of  the  Megadermatidae  family 
in  detail. 
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Megaderma  lyra * s  sonar  system  uses  extremely  short  sound 
pulses  of  very  low  intensity  consisting  of  only  a  few  unmodulated 
harmonic  frequencies.  The  most  intense  frequencies  are  58.5  and 
78.5  kc/sec,  respectively,  the  intensity  relation  of  these  two 
principal  frequencies  being  variable.  Pulse  duration  in  resting 
bats  averages  0.67  m/sec.  During  flight  longer  pulses  averaging 
1.18  m/sec  are  used.  When  approaching  an  object  the  pulses  get 
continuously  shorter,  averaging  0.7  m/sec.  Sound  pressure  of 
orientation  sounds  is  very  low  even  in  flight.  Maximal  sound 

pressure  in  flight  at  a  distance  of  6  to  10  cm  from  the  sound 

2 
emitting  nostrils  was  measured  to  be  80  to  85  dB  (2-3.2  dyn/cm  ). 

The  nose-leaf  function  as  a  focusing  device  which  concentrates 
the  sound  energy  into  a  narrow  bundle,  the  intensity  graduation 
of  which  can  be  measured  in  flying  animals.  At  an  angle  of  35° 
from  the  middle  line  of  the  head  sound  pressure  is  already 
reduced  by  50  %.    Repetition  rate  is  very  variable.  When  approaching 
an  object  in  flight,  the  repetition  rate  goes  up  to  an  average 
value  of  70  per  second,  while  simultaneously  pulses  are  shortened 
and  twin  pulses  may  appear.  Performance  and  efficiency  of  ultra- 
sonic orientation  is  excellent  in  spite  of  extremely  weak 
orientation  sounds.  Megaderma  lyra  can  detect  wires  as  thin  as 
60  in  diameter.  The  eyes  of  this  bat  and  other  members  of  the 
same  family  are  much  bigger  than  in  most  other  bats.  They  play 
a  certain  role  in  orientation,  but  cannot  assure  navigation  if 
ultrasonic  orientation  is  rendered  impossible. 
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THE  ROLE  OF  SPACIAL  MEMORY 
IN  THE  ORIENTATION 

by 

G.  NEUWEILER  and  F.  P.  MOHRES 


During  the  experiments  reported  in  the  previous  paper  (F.P. 
M'dhres  and  G.  Neuweiler)  we  made  some  puzzling  observations.  In 
the  same  experimental  set-up  our  trained  bats  (Megaderma  lyra) 
used  some  of  the  70  identical  squares  of  the  mesh-net  obstacle 
more  frequently  for  flying  through  than  they  used  other  ones. 
There  may  be  two  reasons  for  this  preference  of  certain  positions: 

1)  the  bats  simply  tried  to  fly  through  the  door-frame  as  far  from 
the  door-posts  as  possible  and  therefore  had  to  pass  through 
the  squares  in  the  middle  of  the  net  only.  This  was  not  the 
case. 

2)  Then  the  only  other  reason  for  spatial  preference  may  be: 
The  bat  remembers  the  position  of  the  square  it  previously 
passed  through  and  continues  to  fly  through  that  particular 
hole.  If  it  be  so,  this  spatial  memory  should  be  detected  by 
the  frequency  the  bats  flew  through  a  particular  square  of  our 
meshnet  obstacle. 

During  ten  days  we  recorded  the  position  of  the  square  a  bat 
passed  through  in  every  flight  and  also  noted,  if  the  bat  passed 
untouched  (+),  touched  or  even  hit  the  files  (-).  Without  using 
any  spatial  memory,  the  per  chance  level  of  flights  through  each 
square  would  be  2.77  %,  taken  in  consideration  already  that  the 
bats  rarely  used  the  border  rows. 
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The  results  are  given  in  Fig.  1:  Each  rectangular  meshnet 
is  a  true-to-scale  graph  of  the  actual  obstacle  fitted  into  the 
door-frame.  Each  square  is  numbered  vertically  from  left  to 
right  and  horizontically  from  top  to  bottom  (e.g.  square  no. 
4/9  means  the  nineth  square  from  top  in  the  fourth  vertical 
row).  The  figures  within  the  square  give  the  percentage  of 
flights  through  that  particular  square  out  of  the  total  number 
of  passes  within  the  denoted  period.  The  flights  to  the  feeding 
place  were  plotted  separately  (black  figures)  from  the  return 
flights  to  the  roosting  place  (dotted  figures),  because  the 
animals  behaved  differently  in  the  two  situations. 

Bat  no.  3  mostly  used  the  second  and  third  vertical  row  for 
flying  to  the  feeding  place  and  clearly  the  nineth  horizontal 
square  by  preferred  18.7  and  10.5  %   and  the  tenth  horizontal 
one  of  the  second  row  by  11.5  7o.  It  very  rarely  entered  through 
the  fourth  row  but  almost  exclusively  used  just  this  one  for 
returning  to  the  roosting  place,  the  lower  preferring  squares 
no.  10,  11  and  12  in  55  %   of  all  returning  flights.  So  -  as  in 
the  other  bats  tested  -  it  very  rarely  flew  out  through  the  same 
square  which  it  used  for  flying  in.  Though  there  were  two  distinct 
and  clearly  separated  passing  areas  in  bat  no.  3,  the  position 
of  all  used  squares  spread  rather  widely  compared  with  those  of 
the  other  two  bats  and  conspicuously  enough  this  bat  only  scored 
a  low  percentage  of  correct  flights,  i.e.  untouched  passes:  39.7  % 
correct  among  the  more  widely  spread  in-f lights  and  52.7  °L   among 
the  more  confined  returning  flights. 
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Bat  no.  2  gave  more  clear  cut  results,  distinctly  sticking 
to  certain  single  squares  for  passing  through.  For  flying  in  it 
used  the  third  preferred  vertical  row  and  clearly  the  sixth 
horizontal  square.  While  returning  it  invariably  passed  through 
the  neighbouring  square  of  the  second  row.  The  still  high  per- 
centage of  flights  through  the  squares  just  above  the  most  fre- 
quented ones  results  from  a  shift  of  preference  after  three  days 
of  training.  The  squares  used  are  restricted  to  a  much  smaller 
area  than  in  the  previously  reported  bat,  and  the  percentage  of 
correct  flights  rose  markedly  by  11  and  20  %. 

The  most  striking  result  was  obtained  from  bat  no.  1  which 
used  in  95  %  of  all  flights  one  single  square  (No.  4/13)  for 
flying  in,  and  in  97  %   the  square  no.  2/13  for  flying  back.  This 
animal  most  stubbornly  using  particular  holes  also  turned  out 
to  be  the  most  skillful  flier.  It  scored  65.7  and  79.1  %  correct 
flights.  It  flew  through  the  meshnet  obstacle  at  utmost  speed 
right  from  the  starting  place,  and  yet  only  rarely  hit  the  wires 
of  the  invariably  used  squares  no.  4/13  and  2/13.  In  all  our 
experiments  the  number  of  correct  flights  rose  as  soon  as  a  bat 
began  to  use  only  a  restricted  area  or  a  single  square  for 
passing  through. 

From  the  observations  reported  so  far  we  may  conclude: 

1)  Bats  use  spatial  memory  for  obstacle  avoidance,  or  generally 
speaking  for  reorientation. 

2)  There  is  a  positive  correlation  between  the  ability  to  avoid 
obstacles  in  a  familiar  situation  and  the  use  of  spatial 
memory  in  ultrasonic  orientation. 
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But  how  does  refined  spatial  memory  work  in  bats?  If  one 
shifts  the  meshnet  obstacle  to  one  side,  do  the  bats  follow  this 
shift  according  to  the  ultrasonic  information,  or  will  they  be 
lead  to  the  now-barred  previously  used  positions  by  spatial 
memory?  When  spatial  memory  gets  the  better  of  ultrasonic  orien- 
tation, the  number  of  hits  should  increase  after  a  shift  of  the 
meshnet. 

After  three  days  of  standard  training  we  shifted  the  net 
within  the  frame  by  8  cm  upwards  and  to  the  left.  In  the  graph 
of  Fig.  2  the  percentage  of  correct  flights  is  plotted  for  each 
daily  experimental  sequence.  The  lower  line  shows  the  returning 
flights,  the  dotted  line  the  flights  into  the  feeding  room  of 
bat  no.  1.  After  shifting  the  meshnet  by  8  cm  the  percentage  of 
correct  flights  significantly  dropped  by  more  than  30  %.  But 
within  the  next  few  days  the  bat  regained  its  former  skillfull- 
ness.  After  the  next  shift  of  4  cm  backwards  towards  the 
original  position,  the  bat  in  nearly  all  of  the  returning  flights 
bumped  against  the  wires  at  full  speed,  whereas  while  flying  in 
it  navigated  more  carefully  and  still  scored  68  %  correct  flights 
as  compared  to  94  %  before  shifting.  After  the  following  shifts 
of  2  cm  only,  the  bat  rarely  touched  the  wires  while  flying  in. 
It  obviously  was  lead  by  its  immediate  ultrasonic  information, 
and  not  by  memory.  Whereas  while  flying  back  to  the  roosting 
place,  the  animal  became  seriously  desorientated  after  each  shift 
and  learned  to  pass  through  after  two  or  more  days  of  training. 
The  complete  desorientation  after  a  shift  of  2  cm  only,  indicates 
that  the  position  of  the  previously  passed  square  is  remembered 
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by  an  acuracy  of  at  least  2  cm. 

The  great  difference  between  flights  into  the  feeding  room 
and  flights  back  to  the  roosting  place  results  from  the  beha- 
vioral attitude  of  this  bat  to  the  experimental  situation:  it 
always  tended  to  remain  as  shortly  as  possible  in  the  un- 
familiar room  where  it  got  its  mealworm.  Therefore  it  always 
flew  carefully  from  the  familiar  roosting  room  to  the  strange 
feeding  room  and  aimed  as  quickly  as  possible  back  to  the 
roosting  place  as  soon  as  it  had  grasped  its  insect.  During 
these  hasty  returning  flights  the  bat  obviously  relies  on 
spatial  memory,  and  shunts  its  immediate  sensory  input. 

When  memory  works  in  bats  with  an  accuracy  of  2  cm,  one 
might  also  suspect  that  it  perseveres  over  a  long  temporal 
period.  We  therefore  stopped  the  training  of  obstacle  avoidance 
for  6  weeks.  When  we  started  the  experiments  again,  all  three 
bats  still  used  the  same  vertical  rows  for  passing  through  the 
obstacle  that  they  had  used  before  the  break.  But  the  horizontal 
position  had  moved  by  one  to  four  squares  (Fig.  3  the  shaded 
square  marks  the  formerly  most  frequently  used  square).  After 
this  short  interception  of  one  week's  training,  we  again  stopped 
the  experiments  for  another  6  weeks  (Fig.  4).  After  this  second 
break  the  bats  had  great  difficulty  to  pass  through  the  obstacle 
and  flew  into  the  feeding  room  very  reluctantly.  The  position  of 
the  most  frequently  used  square  now  had  shifted  not  only  horizon- 
tally but  also  vertically.  In  the  first  days  of  retraining  the 
bats  in  nearly  every  flight  passed  through  another  square  and 
very  frequently  hit  the  wires.  But  in  the  second  halve  of  the 
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week  the  flight  pattern  stabilized,  the  bats  began  to  stick  to 
particular  squares  for  passing  and  consequently  the  number  of 
correct  flights  increased  markedly.  This  is  best  seen  in  bat 
no.  1  (Fig.  5).  In  the  first  two  days  the  bat  flew  towards  the 
lower  squares  which  it  had  used  6  weeks  before,  but  now  it 
stopped  immediately  in  front  of  the  meshnet,  slowly  hovered 
upwards  along  the  fourth  and  fifth  row,  and  finally  entered  by 
the  upmost  square,  invariably  hitting  the  wires.  It  hastily  flew 
back  through  any  square  of  the  first  and  second  row.  On  the  third 
day  it  began  to  prefer  the  lower  squares,  and  in  the  following 
days  mostly  used  square  no.  5/12  for  flying  in  and  square  1/12 
for  returning.  As  soon  as  the  bat  began  to  consistently  pass 
through  a  particular  square,  the  number  of  correct  flights 
immediately  increased  by  16  %.  Apparently  when  pretraining  time 
is  short,  after  a  break  of  6  weeks  the  bats  remember  only 
vaguely  the  position  of  previously  used  passes. 

In  all  the  experiments  so  far  reported  sensory  information 
was  already  available  to  the  bat.  But  what  happens  if  one  removes 
the  wires,  thus  blocking  any  ultrasonic  perception  of  the  squares? 
We  trained  another  group  of  three  bats  to  fly  through  a  cleft, 
42  cm  wide,  split  vertically  by  a  wire  of  1.2  mm  diameter  into 
a  right  and  a  left  halve.  The  per  chance  level  to  hit  this  wire 
while  passing  through  the  gap  was  47  %.  All  bats  quickly  learned 
to  avoid  the  middle  wire  by  folding  in  their  wings.  After  four 
days  of  training  we  removed  the  wire  obstacle  and  put  a  light- 
barrier  at  the  position  of  the  former  obstacle.  Each  time  this 
sham-obstacle  was  crossed  even  by  the  tip  of  a  wing  we  got  a 
deflection  on  a  CRO  -  screen  to  which  the  photocell  was  connected. 
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Since  this  imaginary  obstacle  could  neither  be  seen  nor  echo- 
located  by  the  bat  we  could  control  for  how  long  the  bat  con- 
sidered the  no  more  existing  obstacle  still  to  be  there.  Again 
the  results  differed  among  different  specimens  and  between 
flights  into  and  back  from  the  feeding  room.  In  bat  no.  1  (Fig. 6) 
the  number  of  hits  -  i.e.  of  shading  the  lightbeam  -  by  the 
spread  wing  increased  steeply  and  immediatly  whereas  bat  no.  2 
while  flying  in  for  3  days  still  carefully  folded  its  wings 
when  passing  through  the  wide  gap  in  order  to  avoid  an  obstacle 
which  only  existed  in  his  memory.  Bat  no.  3  for  two  days  con- 
tinued to  respect  the  sham  obstacle  while  returning,  and  even 
used  the  narrower  pas sway  of  the  imaginarily  divided  gap.  After 
we  divided  the  gap  again  by  a  real  wire  the  number  of  hits 
promptly  dropped  down  to  near  zero.  After  a  training  period  of 
six  days  we  again  replaced  it  by  the  lightbeam.  After  this  longer 
training  period  we  got  more  clear  cut  results:  In  four  successive 
days  bat  no.  1  still  folded  its  wings  to  avoid  hitting  a  non- 
existant  obstacle,  whereas  bat  no.  2  behaved  normally  and  flew 
across  the  light  barrier  at  will  already  on  the  second  day.  A 
most  striking  fact  was  that  bat  no.  3  in  14  returning  flights 
not  even  once  shaded  the  lightbeam  by  its  wings. 

These  experiments  show  that  the  position  of  obstacles  which 
have  been  removed  days  before  are  still  remembered  by  bats,  so 
they  continue  to  avoid  them  as  if  they  were  still  in  place. 
Apparently  bats  rely  more  on  spatial  memory  than  on  immediate 
sensory  data  gained  by  echolocation  for  orientation  while  flying 
in  an  already  well-known  surrounding. 


135 


Explanation  of  the  figures 

Each  grid  is  a  depiction  in  a  reduced  scale  of  the  meshnet 
obstacle  used  in  the  experiments. 

Where  not  otherwise  specified  the  figures  within  the  squares 
give  the  percentage  of  flights  through  that  particular  square 
as  derived  from  the  total  number  of  flights  in  the  denoted  ex- 
perimental period. 

Solid  figures:  Percentage  of  flights  into  the  feeding  room. 
Dotted  figures:  Percentage  of  flights  returning  to  the  roosting 

room. 
Herflug:  Number  of  flights  into  the  feeding  room. 
Hinflug:  Number  of  flights  returning  to  the  roosting  room. 
7o  ri :  Percentage  of  correct  flights. 
Tier:  Animal  no. 
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1:  Position  preference  in  obstacle  avoidance  in  Meg a derma 
lyra. 


Fig.  2:  Passage  through  the  shifted  meshnet  obstacles  of  bat  no. 1 
Abscissa:  successive  experimental  days  (Tage  =  days). 
Ordinate:  %  of  correct  flights 
Dotted  line:  flights  into  the  feeding  room 
Solid  line:  returning  flights 

Vertical  bars  mark  the  time  when  the  meshnet  was  shifted 
by  the  denoted  number  of  cm. 
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Fig.  3:  Position  preference  after  a  6-week  break  of  training. 

Shaded  squares:  most  frequently  used  squares  before  the 
break. 
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Fig.  4:  Position  preference  after  another  6-week  break  of  training. 
Shaded  squares:  most  frequently  used  squares  before  the 
break. 
1.  Teil:  position  preference  of  bat  no.  1  in  the  first 


three  days  of  retraining. 
2.  Teil:  position  preference  of  bat  no.  1  in  the 
following  3  days  of  retraining. 
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Fig.  5:  Position  preference  in  obstacle  avoidance  in  bat  no.  1 
in  the  first  successive  5  days  of  retraining.  Each  grid 
gives  the  result  of  one  day. 
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Fig.  6:  Temporal  memory  of  the  position  of  an  obstacle. 
Right  upper  figure  marks  the  bat  no. 
Abscissa:  successive  experimental  days 
Ordinate:  %  of  hits  against  the  obstacle  or  crossing 

the  light-barrier  respectively 
Dotted  horizontal  line:  per  chance  level  of  hits 
Dotted  vertical  line:  replacement  of  the  wire  obstacles 

by  a  light-barrier 
Solid  curve:  flights  into  the  feeding  room 
Dotted  curve:  returning  flights 


ABSTRACT 

In  obstacle  avoidance  experiments  evidence  shows  that  the 
bat  Megaderma  lyra  Geoff r.  uses  spatial  memory  for  reorientation, 
There  is  a  positive  correlation  between  the  ability  to  avoid 
fixed  obstacles  and  the  degree  to  which  a  bat  makes  use  of  its 
spatial  memory.  The  position  of  narrow  squares  for  passing  into 
another  room  is  remembered  by  an  acuracy  of  2  cm.  Even  small 
obstacles  when  removed  are  still  remembered  for  days,  and  the 
bats  continue  to  avoid  the  position  of  the  non-existant  ob- 
stacles in  flight. 
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UNE  METHODE  D'ANALYSE  FREQUENTIELLE 

DE  SIGNAUX  COMPLEXES  ET  SON  APPLICATION 

AU  CAS  DE  SIGNAUX  BIOLOGIQUES 

D'ECHOLOCATION 

par 
F.  AUDOUIN 

INTRODUCTION 

On  connalt  dans  le  domains  ralar  1' importance  de  1* analyse  frequen- 
tiello  appliquee  a  la  detection  d'un  sifjnal  dans  le  bruit  ou  le  clutter.  Deux 
grandc3  classes  de  proceeds  sont  possibles  :  par  filtrage  au  moyan  de  filtres 
discrets  ou  par  analyse  frequentielle  spuivant  des  m^thodes  bas^s  sur  1' analyse 
de  Fourier.  On  3e  propose,  apres  avoir  discutd  de  divers  scheinas  possibles,  de 
decrire  une  m^thode  pureoent  numarique  a  la  fois  cla3sique  et  tihs   generale  : 
evaluation  des  composantes  spectrales  du  signal  par  transformation  de  Fourier 
de  sa  fonction  d' autocorrelation.  Ceci  amenera  a  discuter  des  problemes 
d '  echantillonnage  et  de  codage  sous  forme  nunerique  des  donnees  pour  1' utili- 
sation par  le  calcnlateur. 

Cette  e*tude  est  entreprise  30us  l'egide  de  la  Direction  des  Recher- 
ches  et  Moyens  d'Sssais  ( PARIS)  a  qui  nous  exprimons  notre  gratitude  pour  son 
sou  t ion* 


I  -  ANALYSE  FREQUENTIELLE  PAR  FILTRES  -  DISCUSSION 

Une  premiere  classe  do  procecl^s  e3t  1! analyse  par  filtrage,  par 
oxenple  par  une  batterie  de  filtres  couvrant  toute  la  gamme  de  frequences  a 
analyser.  En  radar  ce  proc^de"  est  utilise"  par  exemple  pour  mesurer  la  vitesse 
radiale  (lieo  au  decalage  Doppler)  d'un  mobile. 

Dans  ce  cas  represents  en  figure  1  ,  le  signal  de  dure«  to tale  T 
attaque  n  filtres  en  parallele,  de  bande  passante  individuelle  B  =  1/T,  dont 
lcs  sorties  sont  detect£es  et  explorers  par  un  3ysteme  de  lecture. 
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h)   correlation  foible 


f  (t).  f  (t)--K 


Fig.  3  -  FONCTION  D' AUTOCORRELATION* INTERPRETATION 
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On  obtient  par  cette  lecture  lee  caracteristiques  frequentielles  du 
signal.   Mais  si  l'on  considere  par  example  un  signal  de  duree  1    msec,   on  deTi- 
nit  ipso-facto  la    largeur    de  bande  deo  f litres  a  1   Kc   (la  frequence  ne  pourra 
*tre  nieux  deteminee).   Pour  un  signal  dont  les  frequences  s!  ^tendraient    ius- 
qu'a  100  kes,   il  faudrait  une  centaine  ie  filtres,   ce  qui  represente  un  equi- 
pei.ient   complex e  ot  one'roux. 

Lorsqu'il  n'y  a  pas  necessite'  de  travailler  un  temps  reel,   on  peut 
utiliser  un  fxltre  unique  explore  par  clia-igenent  de  frequence.   II  faut  passer 
le  signal  piosieurc  fois  coDse'cutives,   ce  qui  nfest  pas  tres  g£nant,  mais  des 
interoodulations   (et  done  des  frequence  parasites       sont  ineVi  tablemen  t  cr£ea 
dans  le  ooduiateur  analogique,   qui  ne  peut  pas  £tre  parfait. 


II  -  ANALYSE  FREQUKNTIELLE  PAR  ANALYSE  DE  FOlfRIEfl 

On  aait  par  cette  analyse  reconnoitre,  dans  une  fonction  periodique, 
un  fondamental  et  des  harmoniques.  CMest  a  dire  que  lfamr>litude  de  la  fonction 
signal  s'^crit   : 

f(t)=EkAk8in(k(Bt  +  ^) 

ou  ip  =  2ii  /T  est   le  fondamental,    ce  qui   correspond  a  un  spectre  discontinu 
(spectre  de  raies). 

Si   la  fonction  nfest  plus  periodique  et  devient   quelconque,    selon 
Fourier,    cette  fonction  peut   se  representer  par  une  integrale  de  la  forme   : 

f   (t)   =      /       A   (u»)    sin  (u»  t  +  if)   du» 


-r 


qui  generalise  la  aommation  discontinue  utilises  dans  le  cas  peri odi erne  et 
qui   correspond  a  un  spectre  continu.    (Fig.   ?) 

En  fait,    on  utilise  pour  determiner  ce  spectre  un  artifice,    le  seul 
vraiment   praticable  pour  l'dtude  d'un  signal   non  periodique  un  peu  complexe. 
II   s*agit  de  calculer  d'abord  la  fonction  d' autocorrelation  du   signal  ou 
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autocovariance,  puis  de  determiner  le  spectre  de  frequence  par  transformation 
de  Fourier  de  cette  autocovariance. 

De  facon  quantitative,  la  "correlation"  designe  un  certain  degre  de 
corresoondance  relative  entre  2  ensembles  de  donnees  (une  correlation  de  75  % 
par  exemple).  C'est  la  nesure  d'un  rapport  de  ce  type  qui  est  realis^e  dans 
1 'extraction  d'un  signal  radar  par  correlation,  les  echos  multiples  de  bruit 
environnant  correspondant  au  contraire  a  des  signaux  totalement  decorreles. 

La  correlation  a  une  interpretation  physique  connue  si  l'on  melange 
les  signaux  f.  (t)  et  f_  (t)  en  realisant  la  somme  : 

F  (t)  =  f1  (t)  +  f2  (t) 
l'energie  moyenne  est  : 


F  (t)2  =  f1  (t)2  +  f2  (t)  +  2  f1  (t)  f2  (t) 

Les  deux   nremiers  termes  represent en t   1 'energie  propre  a  chanue  signal» 
le  3e  terme  est  une  energie  d' interaction     . 

bin  d'autres  termes,    so  it  2  signaux  sinusoidaux  identiques  deceits  de 
%  et  soit  la  courbe  representative  (C)   du  terme  produit  f  (t) .   f  (t  -  *») .   Sa 
raoyenne  est  donnee  par  la  so.mme  algebrique  des  aires  LA/    v  -  E  A/    \    (zone 
amoree;.   Conine  on  s'y  attend,   dans  le  cas  de  la  figure  3a  ou  le  retard  ^  est 
oetit  la  correlation  est  forte.  Elle  est  nulle  si  f  (t)   et  f  (t  -«)   sont  en 
ouadrature.   !«  situation  donnee  en  figure  3best  voisine  de  ce  cas. 

La  fonction  d1 autocorrelation  est  le  terme  d 'interaction  obtenu  en 
comnarant  le  signal  f  (t)   avec  lui-meme  a  2  instants  1    -  »  et  t  et  en  prenant 
la  doyenne  de  leur  oroduit   : 

. ,       rT 


p    (*)  -  f  (t)   f  (.t  -«)  --  f  (t)   f  (t  -"5)  dt 

0 

Considerant  alors   plus  rrecisement   le  sens  energetique  de  la  fonction 
d 'autocorrelation  p    (*&),    et   si  p    (t)   a  une  transformee   ie  Fourier  continue 
A  (*)    : 
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p    {%)  =  2  A   ft)   cos  2fl  >>  *6    d^ 

-  0 

Par  inversion,    on  obtient  la  densite  spectraie  du  sifrnal   origine.1    : 

A   (V)   =  2      J       p    (8)   cos  2«  ^  *  At 

C'est  a  dire  que  A   ft)   dO    reprrsente  1  ,enerp;ie  du  signal  f  (t)   qui   corres  ond 
e   la  bande  d0     frequence   ft ,3     +  d^). 

L'organi gramme  corres pondant  a   ce  calcul  est  donne   en  fig.    4  (le   pro- 
gramme est  rddige"  en  PORTRAY  IV)  •/. 


Calcul 
proprement  dit 


Lecture  des  donnees 

\f 

Normalise  tion 

1 

3 

' 

1 
1 

Autocorrelation  W 

P 

1 
1 

1 

' 

1 
1 

1 

Transfo roation  de  Fourier  L 
P 

L. 

\ 

' 

Impression  de  W  ,  L 
P*  P 

W«- 

4  -  ORGANIGRAMME  DE  CALCUL 

«*<*> 


Multiplicateur  Integrateur 


X 


I 


H> 


x  (t)  i  (t  -a) 

— >► 


Retard 


Fig.  5  -  CORRELAIEUR 
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Ces  operations       peuvent     §tre     realisees     de     facon     analogique.   D.  A. 
CALHANDER  -  M.I.T.  -  a  ainsi  effectue  des  calculs  d' autocorrelation  sur  des 
signaux  de  chauve-souris  qui  lui  avaient  donne  de  bona  renseignements  sur 
leur  type  de  sonar.  Plus  pr^cisement  CALHANDER  utilise  un  circuit  analogique 
du  type  correlateur  (figure    5)  pour  calculer  la  fonction  signal  ou  diagramme 
d'ambiguite   ;   le  signal  recu  etant  affecte,    par  rapport  au  signal  emis  d'un 
retard  Z  et  d'une  derive  Doppler  a,   on  effectue  ensuite  la  convolution  de  ces 
2  signaux,   c'est  a  dire  multiplication  et  integration.  La  simulation  du  retard 
%  entre  lee  signaux  sur  2  pistes  est  obtenu  en  retardant  ou  avancant  l'une  des 
2  tfttes  de  lecture  amovibles.   La  derive  Doppler  a,   en  tant  que  compression  ou 
expansion  de  l'axe  du  tenps,    est  simul£e  par  de  petits  accroissements  de  la  Vi- 
tesse du  reproducteur  de  bandes  ou  par  1  * intermeMiaire  d*une  derive  d'oscil- 
lateur. 

Plusieurs  sources  df erreurs  interviennent   : 

-  erreurs  sur  la  fonction  elle-mene  :  a  l'origine,   il  y  a  les  erreurs  d'enre- 
gistrement8  dues  aux  microphones  et  aux  echos  environnants  et  une  variation 
d1 amplitude  event uelle  a  la  lecture  de  la  bande. 

-  erreurs  sur  la  derive  Doppler  :   les  plus  grandes  derives  enregistrees  sont 
de  10  m/sec.  ce  qui  correspond  a  une  variation  de  6  %  de  la  frequence  du 
signal  de  la  chauve-souris.  A  la  lecture  de  bandes,  les  erreurs  sont  dues  au 
flutter  et  aux  derives  d'oscillateur.   Selon  CALHANDER,    l*erreur  globale 
correspondante  en  frequence  donne  une  erreur  sur  la  Vitesse  de  0,9  m/sec.  On 
trouve  alors  pour  un  diagramme  d'ambiguite  s'etalant  de  -10  m/sec.  a  +10  m/sec, 
une  erreur  de  position  de  4,4  $>• 

-  erreurs  dues  au  muLtiplicateur  :  on  sait  que  la  limite  de  precision  absolue 
d'un  organe  eiementaire  de  machine  analogique  n'est  pas  meilleure  que  le 
millieme  de  l'^chelle  totale.  Un  raultiplicateur  analogique  ne  peut  done 
fournir  un  resultat  qu'a  quelques  pour  mille.  D'autre  part,    le  produit  des 

2  ondes  decal^es  introduit,   entre  frequences  sommes  et  differences,   une 
intermodulation  en  sortie.   On  compte  final  ernent   sur  0,4  %  d' erreur  en  fre- 
quence due  au  multiplicateur. 
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-  erreur  d' integration  :   la  presence  inevitable  de  bruits  dans  les  amplifica- 
teurs  et  de  non  lin^arit^s  entralne  necessairement  des  derives  des  integra- 
teurs. 

En  conclusion,   CALHANDGR  donne  l'estimation  d^rreurs  auivante  : 

-  5  %  en  amplitude  du  signal  maximum,  0,5  %  de  l^chelle  to  tale  pour  la  duree 
de  retard^,   et  4,4  %  eur  la  derive  Doppler. 

II  est  souhai table  de  require  ces  taux  d'erreurs  le  plus  possible 
et  cela,   le  traitement  par  calculatrice  arithmetique  nous  le  permet.  D'ou  la 
m^thode  d 'analyse  frequentielle  purement  num^rique  proposed  ici. 

Mais  pour  effectuer  des  calculs  nune>iques,   et  non  plus  analogiques, 
il  faut  tout  d'abord  transformer  le  signal  originel  en  une  se>ie  de  nombres. 
C!eet  le  r6le  de  1 '£ chant i 11 onnage  et  du  codage. 


Ill  -  ECHANTILLOHKAGB 

L'dchantillonnage  consiste  h  remplacer,  en  une  serir  de  points  de- 
termine^, une  fonction  mesur^e  pour  une  tension     de  m8me  valeur  qui  reste  Cons- 
tance d'un  point  d^chantillonnage  au  suivant.   I«  densite*  des  points  d'echantil- 
lonnage  n£cessaires  pour  bien  reconnaltre  f  (t)  depend  de  la  Vitesse  de  variation 
de  ce  signal.  Theoriquenent,   si  f  (t)  n'a  pas  de  frequences  su?e>ieures  a  P, 
il  est  connletement  connu  par  £chantillonnage  a  la  frequence     f    =  2  F. 

En  fait,  on  voit  our  la  figure  6  ,  qu'un  echantillonnage  insuffisant 

pent  cr6cv  dec  ambiguites,  par  example  : 

-  Inpo3oibilit4  d1 identifier  une sinusolde  du    fait  d*un  dephaoage  malencontreux 
entre  3ignal  a  echantillonner  et  figure  d»echantillonnage. 

-  Possibility  de  confusion  de  la  frequence  analysee  avec  une  frequence  sous 

barmonique. 
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a)  Definition 


f<W\AAA 


Ifla^fjaaal        < 


Bon  (f  >  3) 


^^^LULi^ 


b)  Tam  (I '  dchantlllonnare 


Fig,   6  -  BCIIAMTILLQNI1ASE 
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Tout  echantillonnage  est  caracterise*  par  l1  instant  do  prelevement 
et  la  precision  de  mesure  (en  ordonnee)  de  lfechantillon.  Cette  mesure  est 
done  entachee  d'un  double  cause  d'erreur  sur  le  temps  et  sur  1' amplitude. 
On  doit  se  demonder  en  ce  sens  quel  est  le  dogr©"  d'approrl nation  obtenu  quand 
on  reniplace  ainsi  la  courbe  du  signal  par  une  fonction  en  escaller.  Si  1* echan- 
tillonnage ost  le  plus  souvent  regulier,   1* allure  du  signal  peut  ne"  cess  iter 
parfoi3  de  faire  yarier  la  frequence  d' echantillonnage.  Le  choix  de  cette 
frequence  est  fond  amen  tal  du  point  de  vue  traitement  nuaarique  par  un  calcu- 
latour  digital.  Si  elle  est  trop  petite,   il  y  a  perte  d* information  ;   si  elle 
est  trop  grande,   il  y  a  encombrement  inutile  des  mAnoires  sans  amelioration 
des  performances  du  systeme. 

En  pratique,  pour  une  reproduction  assez  fidele,  e'est  insuffisant 
et  l'on  adopte  en  general  3  F  <  f  <  5  F. 

II  est  interessant  do  constater  la  conformite  de  cette  conclusion 
avoc  celle  de  Moles  our  la  reconnaissance  de  Structures  per  le  cexveeu. 
Etudiant  la  perception  dee  structures  visuelles  ou  sonores  chez  I'hornrae^  bien 
que  la  sensation  de  periodicity  necessaire  a  identifier  une  structure  soit 
limit 6e  par  son  delai  de  perception,  cot  auteur  estime  qu'il  suffirait  qu'un 
evenement  se  repete  5  &  4  fois  de  facon  isochrone  pour  que  1' esprit  du  sujet 
3oit  mis  en  attente  de  1*  evenement  suivant.  L'^tablissement  de  1' autocorrela- 
tion se  situerait  entre  3  et  5  periodes. 


CONCLUSION 

La  me"thode  nuraerique  d1  analyse  frequentielle  proposes  ici  doit 
permettre  une  analyse  fine  de  la  structure  des  *clics"  d1  echo  location,  plus 
precise  que  les  rae"thodes  analogiques.  Cette  ra^thode  nuraerique  est  tres  gene- 
rale  et  applicable  a  des  signaux  d'echolocation  quelconque. 

En  raison  de  l'efficacit^  de  la  localisation  par  echo  acoustique  che: 
les  dauphins  et  les  chaxrve— sourio,   il  3erait  souhai table  de  voir  par  cette 
analyse  3i  leurs  caracteristiques  operationnelles  ne  correspondent  pas  a  une 

structure  specif ique  de  ces  signaux 0 
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ANNEXE   MATHEMATIQUE 

i  -  mws  ?mwm^ 

I  -  1  Probability  -  definition  de  base 

Ponction  do  repartition  F  (x)  d'uno  v.  a.  X  continue  :  F  (x)  =  Pr  (x<x) 
Denalte  de  probability  de  X  (F  (x)  derivable)  : 

dF  =  p  (x)  dx  =  Pr  (x  <  X-  x  +  dx) 

-  Moment  d'ordre  n         _    n     _  ,. 

_«-«_.  E .   x   pi   X  discontinue 

n 
x  dF     X  continue 


(moyenne  de  x  )   E  (a)  -j 


-  foment  d'ordre  1  (moyenne  de  x)  :  E  (x)  =  m 

moment  centre"  d'ordre  2  ou  variance  :  /u  =  E  [(x  -  m)  ] 


ecart  type  :    --V/u 

-  Variable  reViuite  X'   =  (x  -  m)/a 

-  Fonction  caractexiatique  de  la  v.  a.  X 

q>(t)   -E   (eJU)  =       fejtx     p   (x)   dx 

jtx 

e  =  co3   t  x  +   j  sin  tx 

-  Covarlance,       cov  (x,  Y)  =  E     [(x  -  n^)   (Y  -  m  )] 

-  Coefficient  de  correlation     r  =  cov  (x,   Y)/  a       a 

x  y 

I  -  2     Processus  aleatoire 

Les  reoultats  de  assures  sont  supposes  tires  an  sort  a  chaque  instant 
tj[.  Selon  les  fig.  Ai ,  A2  11  existe  en  tj  un  ensemble  de  valeurs  possibles  xk  (ti) 
prises  par  une  variable  Xi  (ti)  avec  une  certaine  probability.  On  d^finit  alors 

-  une  fonction  de  repartition  Y\   =  Pr  (x^  <  X] )  a  un  instant  ti 

-  une  fonction  de  repartition  ?2   ■  Pr  (*t<K1  »  *2  <*2)  &  2  instants  t1  t2 

-  une  covariance  m^  =  B  (xi  •  12)  qui,  si  X  est  stationnaire,  est  une 
fonction  m^  ^  =  W  (p)  de  p  =  t2  -  t<  seul. 
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X(t) 


*-   t 


:  (t)|  t  m  t    -  Ensemble  j  x,    (t, ) \  <Vj 

Fig.    Al    :    Definition  d'un  processus    aleatoire. 


x(t) 


Etude  a  un  laatant  tj  -  Interpretation  de  ft    (xi    (t^)) 
1         ^— —   xi<')  — 1  x2*a 


Xi  +  dXi 


xi(t) 

*k(t) 


c2*ax2 


*Z 


Etude  a  2  instant3  ti ,   t?  -  Interpretation  de  f?  (:;1    (ti),  ::,?  (Q) 

Fig.   A2    :    Interpretation  geometrique   des   lois   de   density   d'un  processus 
aleatoire. 
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II  -  AUTOCORRELATION  ET  ANALYSE  SPECTRALE  -  PRESENTATION  DE  LA,  METHODS. 

II  -  1  Spectre  et  coYariance 

Noois  coimais3ons  la  definition  de  la  covariance  W  (p)  d'un  processus 
stationnaire  ou  p  =  t2  -  t1  •  Dne  e*tude  plus  precise  montrerait  alors  l'analogie 
entre  covariance  V  (p)  et  fonction  caracteristique  p  ;  on  d&aontre  que 

W  (p)  =  <p  (p)  .  W  (o)   et  on  sait  que 

ip  (p)  =   '  e^1*  dFQ  (u) 

si  FQ  (u»)  est  la  fonction  de  repartition  d'une  variable. 

Si  nous  posons,  dF  =  W  (o)  dFo,  il  vient  : 

w  (P)  -    rdF"p  ar  U) 

C!est  le  th^orfeiae  de  Bockner  Kintchine.  base  de  notre  calcul. 

Si  X  (t)  est  aleatoire  stationnaire  et  de  covariance  continue  W  (p), 
on  pout  ecrirr 

W  (p)  -      f+  °°  oJBP     dF  (•) 

J 

-  CO 

ou  P,  w  est  la  fonction  spectrale  de  X  (t). 

Si  F  (uj)  a  une  derivee  F  («)  =  P  (u»)    (densite*  spectrale)  on  obtient 


de  mefoe  : 

W  (p)  -    f 


oo 


-  00 


Physiquement,  dans  notre  cas,  le  phenomele  etudie*  X  (t),  non  perio- 
dique,  doit  e*tre  consider^  en  raison  de  sa  complexity  conme  une  fonction  alea- 
toire ;  cependant,  son  allure  donne  suffisamnent  l'idee  de  peroanence  pour  le 
considerer  conme  stationnaire  et  le  th^oreme  de  Bockner-Kintchine  est  applicable, 
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En  conclusion,  entre  f paction  spectralc  et  covariance.  il  y  a  la  n&ne  relation 
qu1  entre  f one t ion  de  repartition  et  fonction  caractoristinue  :  e'est  la  trans- 
formation de  Fourier.  Finalcnent  on  obtient,  par  cette  transformation,  la  repr«6 
sentation  spectrale  de  X  (t)  3i  l'on  connait  sa  covariance  : 

W  (p)  -  E  [x  (t)  .  x  (t  ♦  p)] 


II  -  2    M<Sthode  de  calcul 

-  On  reaarque  d*abord  que  : 

Cov  (X,  Y)  =  E    [  (X  -  E  (xj  (Y  -  E  (Y))  ]  =  E  (X  Y)  -  E  (x)  E  (y) 

aX2  =  E     (X2)-  (E  (X))2 

r  =  cov  (X,  Y)  I  q  x   a  Y 

Si  x  et  y  d^signent  2  echantillons  d'une  rnfime  variable  aleatoire  X  (t)  : 
xi  et  xi  +  pf  decalees  de  p  intervallos  de  tenps,  on  obtient  1' expression 

r  =  cov  (x_- ,  Xn-  +  ti)  I    O   X.  a  X.      coefficient  d •  autocorrelation 
p       1'  i  T  P'  '  i     i  +  p 

i  =  1,  2,  N  -  p 

en  renarquant  qu'il  n*y  a  que  N  -  p     apparienents  possibles  de  x.»  * 

l       l  +  p 

-  II  y  a  int&re't  a  "nomaliser"  les  donnees  sous  la  forme  requite 
(x  -  m)/a      *»   alors  en  supposant  de  plus  un  6cart  type  a  constant  independent 

du  domaine  d'echantillonnage 

E  (X±)       »  E  (Xt  +  p)  =  0 

c  Xt         =  axi  +  P     =  n/e  (X^) 
d'ou  le  coefficient  d' autocorrelation  reduit 

r -  E  (X4  Xi  ,  p)  /  E  (Xi2) 
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On  cohsidere  les  N  -  p  echantillons  xif  xi  +  p  comme  af fee tee  de  la  mime  proba- 
bility 1  /(N  -  p).  II  vient  ainai  : 

E  (Xi2)  -E  xi2/(H.p)      i  =  1,  2,  o..f  N-  p 

W  (p)  *  E  (Xi  Xi  +  p)  »  (E  xi  xi  +  p)  /  (N  -  p)      autocorariance 
r   =  (  L   *i  *i  ♦  p)  /f  x«         coefficient  d* autocorrelation 


Selon  le  theorems  de  Bockner  Kintchine,  noua  avons  vu  que 

W  (p)  =      r°°e  2^tffp     P  (f)  df 
J 
-  oo 

on  obtient  P  (f)  comme  transformee  inverse  de  W  (p) 

p  (f).  r*°°w(P)  ,-2intfiP 


C'est  la  density,  spectrale  (contributions  des  frequences  de  f  a  f *  +  df) 
En  pratique  x  (t)  eat  reelle,  W  (p)  est  fonctLon  paire  de  p,  done  on  peut  se 
ramener  a  une  tranformation  en  serie  de  cosinus 

r  °° 

P  (f )  «  2     V  (p)  coa  2  «fp  dp 

*  0 

Dana  le  cas  de  notre  serie  discontinue  d1 echanti lions ,   on  peut  ecrire, 
selon  Tukey,  une  premiere  approximation  de  P  (f ) 

M 

L   »  W^  +  2    E    W   cos  S3T^L 
q    o  p       M 

P  -  1 


dans  laquelle  Lq  represents  les  contributions  des  frequences  fondamentales  et 
harmoniques  successive©  pour  p  »  1,  2,   •••,  M. 
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SYSTEMS  OF  ECHOLOCATION 

by 

Thomas  C.  POULTER 


Background 

In  1793  the  brilliant  scientist  Lazaro  Spallanzani1  observed  that  a 
captive  owl  became  quite  helpless  when  the  candle  which  lighted  a  room 
was  blown  out,    but  that  a  bat  would  continue  to  fly  about  the  room  with  no 
apparent  loss  of  its  ability  to  avoid  obstacles.     These  observations  started 
Spallanzani  on  a  series  of  experiments  which  demonstrated  that  blinded 
bats  could  avoid  obstacles  just  as  well  as  bats  with  normal  vision.     At 
about  the  same  time  L.   Jurine1  was  conducting  experiments,    later  con- 
firmed by  Spallanzani,   which  established  the  role  of  the  ears  in  flight 
navigation  by  blinded  bats. 

Thus  Spallanzani  and  Jurine  knew  more  about  this  phenomenon  than 
was  to  be  learned  by  scientists  for  the  next  140  years1.     Because  their 
results  were  rejected  and  ridiculed  by  the  most  influential  philosophers 
and  biologists  of  the  time,    their  only  finding  to  be  preserved  in  natural 
history  publications  of  the  19th  century  was  the  fact  that  blinded  bats  fly 
normally. 

But  as  higher  speeds  in  travel  became  facts  of  modern  life,    and  after 
such  disasters  as  the  sinking  of  the  Titanic  in  1912,   man  began  to  feel  the 
need  for  a  nonvisual  means  of  detecting  objects  at  a  distance.     By  this 
time,    also,    a  better  understanding  of  sound  frequencies  above  the  audible 
range  was  developing.     As  early  as  World  War  I  the  Navy  began  to  develop 
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listening  devices  for  use  on  ships  to  detect  the  presence  and  direction  of 
other  ships.  From  these  comparatively  crude  beginnings  both  sonar  and 
radar  evolved  during  World  War  II. 

Parallel  to  the  development  of  man's  engineered  devices  has  been  re- 
awakened interest  in  forms  of  biological  sonar.     Donald  R.    Griffin,  *  as 
an  undergraduate  at  Harvard,    was  familiar  with  the  view  that  bats  felt 
with  their  wings,    but  was  unaware  of  the  work  of  Spallanzani  and  Jurine. 
Griffin  enlisted  the  cooperation  of  Prof.    G.    W.    Pierce1,    who  had  developed 
some  new  techniques  for  studying  sounds  containing  frequencies  above  the 
audible  range,    and  in  1939,    Robert  Galambos*  joined  Griffin  in  the  investi- 
gation of  echolocation  by  bats,    thereby  laying  the  foundation  for  the  now 
rapidly  expanding  fields  of  bioacoustics  and  biosonar.     Dr.    Griffin's  book, 
Listening  in  the  Dark,     is  the  most  complete  treatise  on  biosonar  in  current 
literature,    and  his  research  on  bats  has  been  the  basis  for  much  of  the  work 
today. 

Increasingly  strong  evidence  is  continually  accumulating  that  many 
species  make  use  of  their  own  noise  as  they  fly,    swim,    or  travel  on  foot 
as  a  source  of  sound  for  echolocation  as  postulated  by  Spallanzani  for  the 
bat  more  than  160  years  ago.     This  author  established  in  1963  that  penguins 
use  some  form  of  echolocation  for  retrieving  fish  in  the  dark  although  it  has 
not  yet  been  possible  to  isolate  signals  from  the  water  noise  produced  by 
their  swimming,    and  blind  subjects  find  that  any  traveling  aid  which  in- 
volves their  wearing  headphones  deprives  them  of  more  general  information 
about  their  surroundings  than  is  contributed  in  new  information. 

Many  laboratories  throughout  the  world  are  making  extensive  studies 
of  bioacoustical  sounds  from  the  oceans.     Marie  Poland  Fish  and  her  staff 
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at  the  Narragansett  Marine  Laboratory    have  recorded  underwater  signals 

of  400  species  of  fish  (from  about  100  known  families),    25  species  of  cetacea, 
and  10  species  of  pinnipeds.     And  W.    E.   Schevill,    at  Woods  Hole  Institution 
of  Oceanography,      has  recorded  signals  of  many  of  the  cetacea  and  other 
marine  mammals. 

Man,   that  favorite  among  mammals,    also  has  echolocation  abilities 
that  are  currently  receiving  much  study.     Only  recently  have  quantitative 
measurements  of  man's  echolocation  capabilities  been  attempted.     In  1962, 
Winthrop  N.   Kellogg     found  that  two  blind  subjects  could  make  size  dis- 
criminations,   sense  changes  in  an  object's  perceived  size  with  changes  in 
distance,    and  discriminate  between  a  target  covered  with  denim  and  one 
covered  with  velvet.     In  more  recent  experiments,    Charles  E.   Rice  has 
studied  five  blind  subjects,    using  echo  information  produced  by  their  own 
differing  types  of  vocalizations,    to  determine  the  minimum  size  target  they 
could  detect.     The  vocalizations  included  such  sounds  as  short  or  continuous 
whistles  and  hisses,    pronouncing  words  with  "f"  or  "s"  sounds,    and  sharp 
tongue  clicks.     All  subjects  could  detect  targets  as  small  as  4.  5  cm  in 
diameter  at  a  distance  of  60  cm  and  could  detect  a  25 -cm-diameter  target 
at  a  distance  of  2.  7  m.     In  other  tests  it  has  been  found  that  these  subjects 
can  discriminate  among  circular  disks  which  differ  in  area  by  as  little  as 
10%,    at  a  distance  of  90  cm.     Some  subjects  can  also  distinguish  between 
targets  of  equal  area  but  of  different  shapes,    such  as  a  circle,    a  square, 
and  a  triangle,    at  a  distance  of  90  cm. 
Types  of  Signals  Produced  by  Mammals 

As  noted  above,    some  of  Dr.   Rice's^ blind  human  subjects  used  sharp 
tongue  clicks  in  their  echolocation  tasks.       In  the  case  of  very  short- 
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Short  whistles  used  by  blind  subject 


Long  whistles  used  by  blind  subject 


Hiss  used  by  blind  subject  (gradual  start) 


Hiss  used  by  Wind  s»b|«ct  (abrupt  start) 


Hiss  preceded  by  dicks  used  by  blind  subject 


Tongue  clicks  used  by  blind  subject 


Clicks,  hiss,  squeals,  whistle  used  by  group  of  Pilot  Wholes 
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340  Hz 


32  kHz 


340  Hz 


32  kHz 
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Fig.  1 
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duration  clicks,    the  echo  is  more  apt  to  be  isolated  by  time  from  the  initial 
signal;  one  would  therefore  surmise  these  clicks  should  be  more  efficient 
for  echolocation  than,    say,    the  continuous  hiss.     However,    blind  persons 
using  a  constant  hiss  sound  perform  equally  well,    since  they  perceive  the 
echoes  from  a  target  as  minute  sound  fluctuations.     It  is  therefore  clear 
that  more  than  one  type  of  signal  can  be  used  successfully  in  echo-ranging. 

Figure  1  shows  sonagrams  of  different  types  of  signals  used  by  blind 
human  subjects  to  detect  the  presence  of  a  target  and  to  make  size  and 
shape  discriminations.     The  signals  were  whistles,    hisses,    hisses  pre- 
ceded by  and  containing  throughout  a  series  of  clicks,    and  tongue  clicks. 
Also  in  Fig.    1  is  a  sonagram  of  a  pilot  whale,    Globicephala  melaena,    which 
contains  a  combination  of  all  the  types  of  signals  contained  in  the  sonagrams 
from  blind  human  subjects,    plus  a  cry  superimposed  on  a  hiss  and  a  large 
sweep  in  the  frequency  of  the  whistle. 

That  many  organisms  such  as  bats  and  certain  birds,    cetacea,    seals, 
and  sea  lions  use  an  active  sonar  to  locate  food  prey  and  to  avoid  obstacles 
has  been  well  established.    '     '     '        While  they  seem  to  prefer  sharp  clicks 
for  this  purpose,    in  the  light  of  the  sonagrams  inEig.    1  and  recordings 
made  in  their  natural  habitat  we  certainly  cannot  rule  out  the  possibility 
that  most  of  their  other  signals  are  also  being  used  in  their  echolocation 
activities. 

There  is  no  sure  way  of  determining  just  by  listening  to  a  signal 
whether  it  is  an  active  sonar  signal  or  merely  a  general  bioacoustic  signal. 
Underwater  signals  are  arbitrarily  divided  into  echo -ranging  (sharp  clicks 
which  could,    in  man's  opinion,    be  used  for  this  purpose)   and  communication 
signals.     However,    the  fact  that  blind  people  can  use  such  a  wide  range  of 
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active  sonar  signals  makes  it  clear  that  division  of  bioacoustical  sounds 
into  "echo -ranging  and  communication  signals  on  the  basis  of  presence  or 
absence  of  "clicks"  is  not  justified,    however  convenient  it  may  be  for 
purposes  of  reference. 

Indications  that  some  species,    at  least,    may  use  any  of  their  vocal- 
ization signals  for  long  range  echolocation  are  found  in  recordings  of  the 
signals  of  the  killer  whale.     In  open  water  where  the  whale  may  be  inter- 
ested primarily  in  boundary  conditions,    or  if  confined  in  a  limited  area 
by  a  barrier  through  which  the  whale  can  echo-range,    it  will  most  likely 
use  the  signals  it  normally  employs  for  communication.     On  the  other  hand, 
in  a  small  enclosure  or  in  a  narrow  channel  such  as  an  open  lead  in  polar 
ice,    the  killer  whale   will  use  a  series  of  sharp  clicks  almost  exclusively. 
In  the  comparatively  wide  channels  and  bays  of  the  Pacific  Northwest  portion 
of  the  United  States  the  recordings  of  the  signals  of  the  killer  whale  fre- 
quently contain  echoes  from  much  of  their  vocalization.     It  is,    however, 
most  uncommon  for  a  killer  whale  to  use  predominantly  clicking  signals 
under  these  conditions.      This  is  amply  illustrated  in  some  recordings  made 

Q 

of  Namu     in  his  winter  quarters  in  Rich  Cove  with  echoes  from  rock  ledges 
at  a  distance  of  one-half  mile  across  Rich  Channel.     Likewise,    recordings 
made  of  a  group  of  12  or  15  killer  whales  in  a  narrow  open  channel  in 
McMurdo  Sound  in  the  Antarctic  contain  clicks  almost  exclusively,    with  only 
an  occasional  "communication"  type  of  signal. 

For  many  animals  which  have  been   thought  not  to  produce  echolocation 
clicks,    a  more  careful  examination  shows  that  many  of  their  signals  start 
with  a  series  of  clicks  so  closely  associated  with  the  signal  that  our  ear  does 
not  resolve  them.     In  other  species,    including  the  killer  whale,    many  signals 
start  with  a  distinct  series  of  clicks,   Fig.    2. 


163 


il  1 1  §   Itifet 


Sonogram  of  sqoockina,  door  Hlr*g« 


Oscillogram  of  squoakirvo.  door  htn$# 


rig  door  Hirtgo  oscillogram  greatly 


0        * 


16  kHz 


170  Hz 


Sonogram  of  California  mm  M*f>  click* 


Oscillogram  of  Colifomio  mm  ikm  click* 


<4w$m&mmm«*mm. 


-+.$*$*•»** 


i  i      (MWww» 


— « 


Greatly  expanded  oscillogram  of  California  mo  lion  click 


Fig.  4 


164 


Until  sonagram  E  of  Fig.    1  was  made,    neither  the  human  blind  subject 
nor  those  with  whom  he  was  working  knew  that  clicks  were  present  and 
preceded  his  hiss  signal.     In  contrast,    the  vocalization  of  the  blue  whale, 
Fig.    3,    consists  almost  exclusively  of  clicks  and  his  communication  type 
signals  are  formed  merely  by  spacing  the  clicks  so    close  together  in  groups 
that  our  ear  does  not  resolve  them. 

Clicks  whose  basic  frequency  may  vary  from  less  than  1,  000  Hz  to  in 
excess  of  100  kHz  may  have  a  very  high  repetition  rate.      Whether  it  is 
called  a  clicking  rate  or  a  signal  frequency  becomes  a  matter  of  semantics, 
for  a  clicking  rate  of  even  isolated  clicks  is  just  as  truly  a  portion  of  the 
frequency  of  the  over-all  signal  as  are  the  frequencies  within  the  individual 
clicks. 

Some  of  the  more  common  underwater  signals  of  marine  mammals  are 
squeals,    whistles,    moans,    grunts,    chirps,    barks,    and  clicks.     If  clicking 
sounds  are  emitted  at  a  high  rate  they  are  described  variously  as  "rusty 
gate,  "  "creaking  door,  "  signals.     Figure  4  shows  a  sonagram  and  two 
oscillograms  of  an  actual  squeaking  door  hinge,    compared  with  a  sonagram 
and  two  oscillograms  of  the  "squeaking  hinge"  signal  of  the  California  sea 
lion.     Note  that  only  by  expanding  the  time  scale  can  the  sea  lion's  signal 
be  distinguished  from  the  actual  squeaking  door  hinge.     These  pulses  may 
rise  to  full  intensity  within  the  first  few  cycles,    or  indeed  within  the  first 
half-cycle,    and  then  drop  off  gradually  to  zero  amplitude,    or  they  may  go 
through  one  or  more  minima,    causing  a  double,    or  multiple -pulse,    effect. 
Signal  Frequencies 

In  both  sonar  and  radar,    the  trend  today  is  to  obtain  more  information 
about  the  target  from  returning  echoes--an  area  in  which  biological 
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organisms  are  far  ahead  of  man's  feeble  efforts.     The  frequency  required 
for  purposes  of  echolocation  is  a  function  of  the  size  and  nature  of  the  target 
and  the  type  of  information  desired.     In  general,  the  wavelength  of  the  signal 
should  not  be  greater  than  twice  the  dimensions  of  the  target,    in  order  to 
produce  a  fair  echo;  thus  for  the  same  size  of  target,    the  frequency  of  the 
signal  in  water  must  be  about  five  times  as  high  as  in  air. 

Dr.    Griffin     has  shown  that  some  bats  use  frequencies  as  high  as  260 
kHz  for  a  wavelength  of  1.  27  mm,    or  a  target  size  of  less  than  1  mm. 
Dr.   Norris        recently  confirmed  frequencies  of  270  kHz  for  Tursiops,    for 
a  wavelength  of  5.  7  mm,    which  would  correspond  to  a  target  size  of  about 
3  mm;  he  has  found  that  blindfolded  porpoise  will  indeed  pick  up  objects  in 
that  order  of  magnitude  from  a  smooth-bottom  tank. 

Even  though  the  underwater  clicks  of  the  marine  mammals  contain  some 
very  high  frequencies,    the  major  portion  of  the  energy  is  usually  below  20 
kHz.     Underwater  barking  and  bangs  of  the  California  sea  lion  produce  very 
similar  sonagrams,    see  Fig.    5,    but  actually  sound  entirely  different  from 
each  other.     In  the  bang,    all  frequencies  start  at  the  same  time  and  rise 
rapidly  to  a  high  level,    thus  causing  a  sudden  rise  in  energy,    but  in  barking 
the  higher  frequencies  have  a  delayed  start  and  the  rate  of  increase  in 
intensity  is  lower. 
Auditory  Reflex 

Any  attempts  to  compare  very  short-duration  animal  signals  such  as 
clicks  only  by  listening  to  them  can  be  grossly  misleading.      The  rate  of 
onset  of  a  signal  may  so  affect  the  protective  auditory  reflex  in  our  ears, 
and  the  recovery  time  may  be  so  slow,    that  we  hear  only  the  onset  of  the 
signal.      Thus  two  click  series  which  are  very  similar  except  for  the  intial 
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rise  time  may  sound  entirely  different.     If  a  tape  loop  of  a  series  of  clicks 
in  which  only  alternate  clicks  have  a  very  steep  rise  time  is  played  in  one 
direction,    the  alternate  clicks  sound  entirely  different  from  the  intervening 
ones;  if  the  tape  is  played  in  the  other  direction,    all  the  clicks  may  sound 
identical.     How  loud  clicks  sound  is  also  greatly  affected  by  the  rise  time 
of  the  signal. 

In  Fig.    6  the  two  top  sonagrams  of  clicks  produced  by  Inia,  there  is 
less  background  noise  and  the  sonagrams  stand  out  more  distinctly  than 
do  those  for  the  killer  whale  in  the  last  two  sonagrams.     However,    because 
the  killer  whale  sonagrams  represent  clicks  which  have  very  sharp  rise 
times,    they  sound  much  louder  and  more  distinct  than  do  those  from  Inia. 
It  is  interesting  to  note  here  that  the  military  take  advantage  of  this  effect 
in  firing  large  guns  when  personnel  must  be  close  to  the  gun--for  example, 
in  a  tank.     The  tank  crew  must  wear  headphones  for  communication  purpose; 
just  before  the  gun  is  fired  (electrically),    a  loud  pulse  is  introduced  into  the 
headphones.     When  the  auditory  reflex  has  densensitized  the  ear,    the  gun  is 
fired  and  the  blast  is  not  painful. 
Sweep  Frequency 

During  World  War  II  the  Navy  developed  what  was  considered  a  com- 
pletely new  concept  of  a  sweep  frequency  signal  for  echolocation;  this 
technique  produced  a  better  echo  for  target  identification  purposes.     We 
have  since  found  that  for  millions  of  years  this  method  has  been  used  by 
several  species  of  pinnipeds  and  cetaceans --the  Weddell  seal  and  leopard 

o 

seal  in  the  Antarctic,    the  bearded  seal  and  bowhead  whale  in  the  Arctic, 

Q 

and  the  killer  whale. 
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For  long  range,    large  target  echolocation,    the  sweep  frequency 
method  produces  a  more  distinct  echo,    as  shown  by  magnetic  tape  record- 
ings of  echoes  from  a  rock  ledge  half   a  mile  from  the  signaling  killer  whale. 
Also,    use  of  a  sweep  frequency  permits  determining  range,    by  comparing 
or  "beating"  the  frequency  of  the  echo  against  the  frequency  of  the  outgoing 
signal  at  the  time  the  echo  returns.     It  has  been  shown  that  the  bat  may 
shut  off  its  hearing  while  sending  out  its  signal,    and  considerable  evidence 
is  accumulating  that  this  same  phenomenon  occurs  in  other  species,    including 
some  of  the  marine  mammals.      This  auditory  reflex  prevents  desensitizing 
the  hearing  of  the  organism  just  at  the  time  that  it  is  listening  for  the  very 
weak  echo  and  hence  needs  its  maximum  sensitivity. 
Echo-Ranging  Purposes 

Animals  of  many  species  use  echo-ranging  techniques  in  a  variety  of 
ways,    for  a  variety  of  purposes.     For  example,    many  species  can  discrim- 
inate not  only  size,    but  also  texture,    of  a  target.     Although  no  minimum 
size  discrimination  has  been  determined  for  the  California  sea  lion,    the 
author     has  established  that  they  can  make  texture  discriminations,    in  total 
darkness,    between  pieces  of  horse  meat  and  fish  of  the  same  size.     Corre- 
spondingly,   Dr.    Griffin     has  shown  that  bats  can  discriminate  between  meal 
worms  and  plastic  pellets  tossed  into  the  air  in  total  darkness. 

In  the  case  of  baleen  -whales,    as  contrasted  with  toothed  whales,    echo- 
location  signals  must  meet  entirely  different  sets  of  specifications.     Since 
the  food  of  the  baleen  whale  is  large  masses  of  widely  dispersed,       small- 
sized  krill  and  other  plankton,    this  animal  uses  a  different  sonar  signal 
from  that  of  the  toothed  whale  when  it  is  seeking  out  a  single,    much  larger 
organism. 
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It  has  also  been  observed  that  blind  sea  lions  use  a  crude  short-range 
sonar  out  of  water.     These  animals  have  been  seen  to  follow  an  irregular 
rock  wall,    keeping  from  60  to  100  cm  from  the  wall  and  progressing  only 
when  barking,    with  their  heads  turned  toward  the  wall  most  of  the  time. 
When  approached  by  a  human  being,    a  blind  sea  lion  -would  change  the  tempo 
of  its  barking  and  usually  move  away  toward  the  water.     When  it  was  not 
barking,    the  animal  could  be  approached  from  downwind  close  enough  to 
touch  it.     If  touched  with  a  stick  from  a  distance  of  about  3  m,    the  sea  lion 
would  usually  bark  a  few  times  and  move  several  feet  away.     If  touched 
from  a  distance  of  only  60  to  100  cm,    it  would  move  directly  away  from  the 
observer  and  then  angle  toward  the  water,    barking  as  it  went. 

More  and  more  new  species  are  being  added  to  the  list  of  organisms 
which  use  some  form  of  echolocation  so  that  at  the  present  time  it  covers 
the  range  from  small  insects  to  the  largest  living  mammals. 

Although  no  recordings  have  been  made  to  date  of  the  underwater  vocal- 
ization of  the  hippopotamus,    Dr.    W.    M.    Longhurst1^  finds  that  they  use 
either  a  passive  or  an  active  sonar,    or  both;  as  a  result  they  can  avoid 
obstacles  even  while  charging  a  small  boat  from  a  distance  of  a  few  hundred 
yards  without  surfacing  and  through  such  muddy  water  that  visibility  could 
not  be  as  much  as  30  cm.     Their  progress  in  the  shallow  river  water  could 
be  followed  by  the  wake  produced  on  the  surface  of  the  water. 

As  in  the  case  of  the  bats,    where  the  particular  technique  employed 
in  echolocation  varies  from  one  species  to  another  from  a  very  elaborate 
system  to  not  using  sonar  at  all,    so  it  is  with  the  pinnipeds  and  cetaceans. 
There  are  cases  (for  example,    among  Zalophus  and  Tursiops)  where  a 
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pinniped  and  a  cetacean  may  use  echolocation  signals  more  nearly  alike 
than  those  of  two  animals  of  the  same  order.     Some  species,    such  as  the 
Steller  sea  lion  and  the  fur  seal,    apparently  use  their  normal  in-air 
vocalization  for   underwater  echolocation  signals,    see  Figs.    7  and  8. 

The  Weddell  seal  and  the  bearded  seal  both  repeat  a  long  series  of 
underwater  signals,    sometimes  extending  over  a  period  of  as  long  as  30 
seconds  for  the  Weddell  seal  and  one  minute  for  the  bearded  seal.     In  both 
cases  they  start  at  a  high  frequency  of  a  few  thousand  cycles  and  a  repeti- 
tion rate  as  high  as  200  pulses  per  second  and  sweep  down  in  both  frequency 
and  repetition  rate  to  under  100  Hz  and  a  repetition  rate  of  less  than  one 
per  second.     The  bearded  seal  covers  a  somewhat  broader  frequency  range 
and  pulsing  rate  than  does  the  Weddell. 

The  successive  pulses,    however,    differ  widely  in  the  two  species.     In 
the  case  of  the  Weddell  seal  these  pulses  consist  of  a  discontinuous  succes- 
sion of  what  resembles  a  modulated  sine  wave,   Figs.    9  and  10.     On  the  other 
hand,    the  single  pulse  of  the  bearded  seal  consists  of  a  descending  frequency 
of  more  nearly  constant  amplitude.     The  next  pulse  in  the  series  then  starts 
at  a  slightly  lower  frequency  and  again  sweeps  down  over  about  the  same 
range,    so  that  the  sonagram  has  a  sawtooth  form,  Fig.    11. 

The  leopard  seal  in  general  has  a  continuous  series  of  pulses  with  a 
low  or  a  high  frequency;  occasionally  the  signal  sweeps  from  the  low  to  the 
high  frequency  series.     When  this  occurs,    as  the  frequency  sweeps  up  the 
repetition  rate  goes  up  correspondingly.     Another  common  procedure  of 
the  leopard  seal  is  to  use  a  very  high  repetition  rate  for  about  one-third 
second  and  then,    while  maintaining  the  same  basic  frequency,    suddenly 
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TYPICAL   HIGH   AND   LOW   FREQUENCY    LEOPARD  SEAL  SIGNAL  WITH   UPSWEEP  FROM  LOW  TO  HIGH. 
Linear  scale  40  to  4000  Hz.    Since  Penguins  use  underwater  sonar  they  may  be  responsible  for  some  of  these  signals. 

Fig.  12 
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to  shift  to  a  lower  and  slowly  decreasing  repetition  rate  for  about  a 
half- second,   following  which  the  signal  is  discontinued  for  some  seven- 
tenths  of  a  second  and  then  is  continued  at  the  same  frequency  and  at 
about  the  same  repetition  rate  for  another  one  or  two  seconds,  Figs.    12 
and  13. 

For  its  underwater  signals,    the  Amazon  dolphin,    Inia,    uses  a  long, 
continuous  series  of  very  fast  clicking  rate  of  narrow,    clearly  defined 
clicks.     The  humpback  whales  are  the  biggest  showoffs  and  the  noisiest 
and  best  performers  for  the  bioacoustician.     As  long  as  there  is  more 
than  one  whale  in  the  general  vicinity,    there  will  be  much  vocalization, 
with  both  echolocation  and  communication  signals.     The  bowhead  whale  of 
the  Arctic  has  a  distinctive  loud  moan  which  may  be  an  ascending  or 
descending  frequency  signal.     It  usually  consists  of  a  narrow  frequency 
range,    continuous  signal  accompanied  by  a  slightly  higher  frequency, 
rapidly  pulsed  signal,    or  the  continuous  signal  may  be  pulsed  somewhat 
similar  to  that  of  the  bearded  seal  but  confined  to  a  somewhat  narrower 
frequency  range,  Fig.    14. 

At  Stanford  Research  Institute  we  are  attempting  to  develop  computer 
techniques  to  replace  some  of  the  more  laborious  and  time-consuming 
analytical  methods  for  studying  the  signals  of  marine  mammals.     One  of 
these  programs  is  working  primarily  on  analyzing  the  signals  of  the  killer 
whale.     The  original  direct  recording  of  the  animal  is  programmed  through 
an  analog-to-digital  conversion  with  the  tape  running  at  actual  or  a  reduced 
speed.     The  computer  picks  digital  values  for  the  amplitude  of  the  signal 
at  the  rate  of  144,  000  points  per  second  and  records  these  data  on  a  second, 
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or  digitized,    tape.     In  this  manner  the  points  are  picked  close  enough 
together  that  the  wave  form  of  the  original  signal  can  be  accurately  repro- 
duced at  any  desired  scale.     In  the  case  of  the  killer  whale  signals,    a  mass 
spectral  density  analysis  is  being  made  by  using  the  digitized  tape  as  input 
into  the  large  digital  computer  which  is  programmed  to  determine  the 
number  and  intensity  of  all  of  the  harmonics  at  any  instant  in  time  and  to 
determine  the  phase  relation  of  each  of  those  harmonics,    if  desired,  Fig.    15. 

Attention  was  first  called  to  the  double  pulse  by  the  author  in  1963  for 
the  California  sea  lion  and  later  confirmed  for  Tursiops  by  Dr.    Norris. 
Reference  to  this  phenomenon  can  be  readily  observed  throughout  the  liter- 
ature in  published  oscillograms  of  the  signals  of  a  great  variety  of  species. 
The  second  computer  analysis  program  being  undertaken  at  Stanford  Research 
Institute  is  using  the  double-pulse  signal  of  the  California  sea  lion  in  the 
development  of  a  computer  technique  for  the  evaluation  of  bioacoustic  signals 
for  purposes  of  echolocation. 

This  program  should  provide  an  answer  to  the  manner  in  which  the 
double  pulse  is  used,    the  maximum  and  minimum  ranges  for  which  the 
signal  is  suited,    its  accuracy  at  different  ranges  and  range  rates,    and  mini- 
mum size  of  target  the  animal  can  detect.     It  should  further  yield  valuable 
information  concerning  the  mechanism  for  these  animals'  discriminatory 
capabilities.     Work  thus  far  indicates  that,    for  short  ranges  at  least,    the 
range  is  determined  by  the  phase  relation  between  the  echo  and  the  follow- 
ing pulse;  since  the  echo  can  be  separated  from  the  following  pulse  and  its 
frequency  characteristics  can  be  compared  with  the  precursor  pulse,    we 
believe  it  may  be  possible  to  determine  a  mechanism  to  account  for  their 
discriminatory  ability,  Fig.    16. 
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In  the  third,    and  more  general  computer  program  we  are  trying 
to  speed  up  the  present  time-consuming  Sonagraph  and  oscillograph 
techniques.    The  Sonagrams  are  run  off  on  35  mm  paper   while  the 
original  magnetic  tape  recording    is  being  run  at  recording  speed. 
Figure  17  shows  Sonagrams  of  the  killer  whale's  signals  made  by  this 
technique.  It  is  therefore  possible  to  prepare    in  one  day  the  Sonagram; 
on  35  mm  paper  of  as  much  tape  as  would  require  20  man-years  using 
conventional  Soragraph  methods.  At  the  rate  that  pattern  recognition 
•techniques  are  now  being  developed,    the  analysis  of  bioacoustic  data 
computer  techniques  should  advance  our  knowledge  of  bioacoustics  at 
a  greatly  accelerated  rate. 
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Abstract 

The  recognition  that  facial  vision  was  echolocation,    and  the  discovery 
that  most  marine  and  many  terrestrial  mammals  have  some  echolocation 
capability  has  led  to  an  ever  expanding  participation  in  this  field  by  the 
scientists  of  the  world. 

Sonar  signals  may  vary  from  such  noises  as  the  species  make  as  it 
travels  by  whatever  means  to  the  most  sophisticated,    directional,    fre- 
quency modulated  system  found  in  some  bats.     The  entire  range  of  vocal- 
ization of  many  species  may  be  used  for  either  echolocation  or  communication. 
Every  important  advance  in  man's  radar  has  later  been  found  to  exist  in 
some  animal's  sonar.     Their  signals  are  not  only  species  specific,    but  in 
many  cases  sex  specific,    such  as  the  killer  whale,    fur  seal,    elephant  seal, 
Steller  sea  lion  and  many  others.     Even  so,    different  species  may  have 
very  similar  systems  such  as  the  Antarctic  Weddell,    and  the  Arctic 
bearded  seals  or  the  clicks  of  the  California  sea  lion  and  the  porpoise. 

Stanford  Research  Institute  has  developed  computer  techniques  for 
producing  continuous  sonagrams  at  the  recording  speed; and  with  the 
development  of  pattern  recognition,   signal  analysis  should  be  speeded  up 
by  orders  of  magnitude. 
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FACIAL  VISION  REHABILITATED 

by 
Ivo  KOHLER 


Among  blind  human  beings  there  are  many  (particularly  among 
those  who  are  well-experienced  and  are  able  to  move  about  alone) 
who  seem  to  depend  not  on  their  ears,  but  upon  certain  skin 
sensations  for  the  purpose  of  detecting  obstacles.  They  describe 
these  skin  sensations,  which  mostly  occur  within  the  domain 
of  the  temples,  the  forehead,  and  the  cheeks,  and  sometimes 
up  to  the  shoulders,  as  being  "similar"  to  a  slight  touch  or 
pressure.  They  continue  to  say  so  although  everyone  of  them 
can  easily  be  convinced  of  the  pure  auditory  origin  of  the 
sensation  in  question,  i.e.  it  disappears  completely  when 
hearing  is  eliminated. 

So,  it  was  first  of  all  our  purpose  to  clarify  the  meaning 
of  that  puzzling  kind  of  sensation  often  called  "facial  vision". 
Unfortunately,  there  are  no  words  in  any  language  by  means  of 
which  this  quality  may  be  described  precisely. 

One  group,  for  example,  reports  the  sensations  as  similar 
to  coming  into  contact  with  a  cobweb  upon  one's  forehead,  others 
compare  it  with  a  fine  veil  thrown  over  one's  head,  and  often  it 
is  referred  to  as  being  something  in  the  nature  of  a  nightmare. 


This  work  was  supported  under  contract  AF  61(514)-889  through 
the  European  office  of  ARDC  at  Brussels  (1956). 
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Fig.  1 
"Facial  Vision" 

Most  frequently  reported  sensitive 
areas  of  "facial  vision". 


critical  area  of 
facial  vision 
(between  30  to  80  cm) 


Fig.  2  (for  explanation  see  text) 
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However,  as  soon  as  stimuli  such  as  a  fine  veil  were 
actually  used  for  stimulation,  every  blind  or  blindfolded  subject 
of  our  group  was  immediately  able  to  assert  the  sensations  produced 
in  this  manner  were  really  not  of  the  same  nature  as  facial 
vision.  If,  for  example,  blind  persons  were  induced  to  come  into 
real  contact  with  very  thin  threads  or  hair,  if  electrically 
charged  ebonite  rods  were  moved  towards  the  subjects'  faces, 
or  infrared  radiation  used,  etc. ,  these  in  no  case,  evoked 
the  typical  skin  sensations  which  occulted  in  the  presence  of 
obstacle  surfaces.  The  conclusion  of  all  this  could  be  that 
the  phenomenon  in  question  has  to  be  characterized  by  a  quality 
of  perception  of  its  own,  which,  if  at  all,  must  be  caused  by 
more  complex  stimulus  situations  acting  upon  the  skin  than 
those  used  by  us.  In  order  to  clarify  the  situation  from  the 
outset,  we  carried  out  a  most  crucial  experiment.  Continuing 
some  of  the  famous  earlier  work  of  DALLENBACH  and  his  group,  we 
paralyzed  the  skin  areas  in  question. 

In  all  cases  the  result  was  startling.  In  spite  of  complete 
anaesthetization  of  critical  areas  on  the  skin,  normal  facial 
sensations  continued  to  be  reported. 

We  had  one  special  group  of  skin  users  (the  facial-vision 
type  of  our  blind  and  blindfolded  subjects)  whose  skin  was 
anaesthetized  on  the  right  half  of  the  face  only.  These  subjects 
were  then  sent  along  a  corridor,  and  were  told  to  walk  in  the 
middle  until  they  reached  the  end.  As  a  result  of  paralyzing 
one  half  of  the  face,  the  corresponding  facial  sensations  on 
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that  half  should  have  been  obliterated,  thus  causing  the  sub- 
jects to  markedly  drift  away  from  the  middle  line  of  the  corridor 
off  to  the  side  corresponding  to  the  paralyzed  side  of  the  face. 

This  effect  however,  failed  to  occur  in  all  cases  investi- 
gated; we  used  a  total  of  13  subjects  (blind  and  blindfolded) 
who  followed  the  procedure  described. 

In  addition  to  this  result  there  was  another,  for  which  we 
are  indebted  to  the  fact  that  at  the  time  of  these  tests  some 
cases  of  neuralgia  happened  to  be  treated  at  our  Innsbruck 
clinic.  We  obtained  permission  to  carry  out  obstacle  tests 
with  these  patients  before  and  after  they  underwent  operations 
to  block  off  the  trigeminal  nerve  by  injection  of  alcohol  into 
the  ganglion  Gasseri.  In  those  cases  where  we  were  able  to  cause 
facial  vision  before  the  operation,  we  found  that  it  was  retained 
after  the  operation  had  been  performed.  According  to  some  of  the 
patients,  "facial  vision"  was  even  more  intense  than  before  the 
operation  because  the  superimposing  sensations  of  pain  felt 
previously  were  now  lacking.  The  subjects  in  this  case  were 
sighted  and  blindfolded  only  during  our  experimentation. 

On  the  basis  of  these  results  it  may  be  taken  as  certain 
that  the  facial  sensations  in  question  are  at  least  a  central 
nervous  process  and  have  nothing  to  do  with  any  kind  of  skin 
receptors. 

It  would  simplify  matters  greatly  if  it  were  possible  to 
prove  the  existence  of  direct  nervous  connections  between  the 
acoustic  center  and  that  center  in  the  brain  which  is  responsible 
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for  touch  and  pressure  on  the  face  and  adjacent  areas  of  the 
skin.  In  the  case  of  human  beings  this  must,  however,  be  denied 
from  an  antomical  point  of  view. 

The  nearest  approach  to  the  problem  in  question  was  made  by 
v.  BEKESY  (1936).  Very  intense  deep  sounds  which  are  near  the 
auditory  threshold  cause  distinctly  noticeable  skin  sensations 
in  the  auditory  passage  and  within  range  of  the  outer  ear.  The 
sensations,  as  v.  BEKESY  was  able  to  prove,  can  not  be  explained 
by  the  direct  effect  exercised  by  sound  waves  upon  the  skin. 
However,  this  result  also  cannot  simply  be  applied  in  the  case 
of  facial  vision.  In  the  case  of  facial  vision  the  sound  in- 
tensities involved  are  usually  much  lower;  furthermore,  com- 
paratively stronger  high  frequencies  are  mixed  together,  and 
finally,  the  area  of  the  skin  involved  is  considerably  larger. 
Only  the  following  result  of  our  own  investigations  is  interesting 
in  connection  with  the  result  obtained  by  v.  BEKESY:  If  a  sub- 
ject is  offered  the  choice  of  sounds  of  different  pitches  (with 
great  loudness),  then  he  will  choose  rather  low  frequencies  (from 
20  to  90  c)  appearing  as  "approximately  similar"  to  the  facial 
sensations  in  question.  Very  high  and  loud  sounds  (of  more  than 
4  kHz)  are  reported  as  accompanied  by  a  stinging  sensation  of 
pain  which,  however,  is  experienced  to  be  "totally  different" 
from  the  skin  sensations  near  obstacles. 

For  our  purpose  we  may  gather  from  what  has  been  said  so 
far,  that  the  lower  frequencies  of  a  guidance  sound  and  their 
modifications  may  probably  be  more  relevant  to  experienced 
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facial  vision  than  higher  frequencies. 

Finally  those  theories  according  to  which  facial  vision  is 
a  phenomenon  based  upon  suggestion  and  association  do  not  hold. 
Such  a  theory  would  maintain  that  the  mere  fact  that  a  collision 
with  obstacles  is  expected,  would  produce  a  state  of  alarm  in 
those  parts  of  the  body  where  the  collision  will  happen.  Such 
states  of  alarm  actually  exist,  and  can  be  aroused  at  will  if, 
for  example,  a  subject  walks  about  blindfolded  in  a  room,  and 
is  informed  of  the  fact  that  iron  rods  are  distributed  in  the 
room  at  a  height  corresponding  to  that  of  a  person's  shin- 
bones.  What  happens  in  that  case  is  really  that  certain  peculiar 
sensations  are  reported  to  be  experienced  on  the  shin-bones  but 
these  sensations  are  of  an  entirely  different  nature  from  facial 
vision  sensations.  Even  if  a  collission  with  such  a  rod  is 
strongly  expected  at  the  level  of  a  person's  forehead,  the 
sensations  are  by  no  means  comparable  with  those  which  are 
experienced  in  the  case  of  facial  vision.  It  is  a  significant 
fact  that  the  typical  sensations  of  facial  vision  occur  only 
in  the  presence  and  neighbourhood  of  correspondingly  large 
reflecting  surfaces  and  that,  when  they  occur,  they  are  felt 
only  in  the  area  of  the  face  and  occasionally  as  far  down  as 
the  shoulders  and  the  chest,  but  that  they  are  never  felt 
within  range  of  the  feet.  A  phenomenon  caused  by  suggestion 
should,  however,  be  "projectable"  to  any  part  of  the  body. 

If  we  now  discuss  other  procedures  using  nothing  but  sound 
in  order  to  generate  the  facial  sensations  in  question,  I  am 
anxious  to  view  some  of  Dr.  WILSON 's  findings  from  yet  another 
aspect. 
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The  goal  was  to  find  the  best  method  for  acoustically 
generating  a  strong  feeling  of  facial  vision  without  use  of 
real  obstacles  (i.e.  a  complete  stimulation  for  the  subjects), 
and  we  found  a  peculiar  kind  of  sound  modification  as  being 
able  to  do  this. 

At  first,  it  was  noticed  that  all  those  persons  who  had 
themselves  experienced  the  phenomenon  of  facial  vision  in  con- 
nection with  blind  orientation,  found  these  sensations  inten- 
sified as  soon  as  they  used  a  guiding  device  such  as  a  clicker 
for  their  orientation  exercises.  Furthermore,  a  few  of  the 
hitherto  "sound  users"  converted  to  "skin  users".  Finally  it 
was  observed  that  the  detection  of  obstacles  and  facial  sen- 
sations did  not  coincide  exactly.  From  a  distance  of  more  than 
one  meter,  obstacles  are  usually  acoustically  perceptible.  On 
the  skin  they  are  perceived  from  smaller  distances  (of  less 
than  one  meter),  depending  on  the  size  of  the  obstacle's  sur- 
face. From  these  results  it  is  possible  to  conclude  that  the 
conditions  causing  facial  vision  are  connected  with  modification 
of  sound  taking  place  in  the  close  vicinity  of  obstacle  surfaces. 

Our  endeavours  to  generate  facial  vision  were  not  promising 
when  we  simply  modified  the  amplitude  or  frequency  of  a  given 
sound  transmitted  to  the  subject  by  earphones.  This  was  also 
the  case  when  we  used  tape  recordings  taken  from  life  situations 
of  approaches  to  obstacles.  A  more  useful  method  in  all  cases, 
however,  was  to  construct  an  undetectable  phantom-obstacle 
consisting  of  a  small  sound  emitter  (an  earpiece  fixed  on  a 
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narrow  stick  and  fed  by  the  signal  of  the  sound  guidance  device) 
fixed  on  the  subject's  chest.  The  earpiece  re-emitted  the  same 
sound  as  the  chest-clicker,  and  therefore  became  similar  to  a 
real  reflecting  surface. 

To  describe  the  experimental  situation  in  more  detail,  the 
subject  wearing  the  guiding  device  (in  this  case  a  clicker)  was 
quietly  seated  on  a  chair  with  instructions  to  announce  the 
approach  of  an  obstacle  as  soon  as  a  feeling  or  sensation  was 
experienced.  Instead  of  an  obstacle,  however,  the  above  mentioned 
earpiece  was  fastened  to  the  rod.  From  this  earpiece  the  same 
impulse  was  emitted  (by  connecting  it  parallel  with  the  guiding 
device)  as  from  the  guiding  device  itself.  The  rod  with  the  ear- 
piece fastened  to  its  end  was  in  no  case  detected  as  an  "obstacle'' 
as  long  as  the  earpiece  was  switched  off.  As  soon  as  it  was 
switched  on  (so  that  the  guiding  device  and  earpiece  emitted 
synchronous  clicks),  the  strongest  facial  sensations  ever  ex- 
perienced by  our  subjects  occurred  within  a  range  of  80  to  30  cm 
whenever  the  earpiece  was  moved  towards  the  subject's  face. 
Outside  this  range,  the  "acoustics"  of  the  guiding  sound  merely 
appeared  to  change  without  the  simultaneous  occurrence  of  facial 

vision.  The  "critical"  range  between  80  to  30  cm  was  equivalent  to 

2 
a  real  obstacle  of  about  1  m  .  None  of  the  subjects  (  a  total 

of  48  persons)  was  able  to  distinguish  between  a  real  obstacle 

and  a  "pseudo-obstacle"  within  the  critical  range,  and  even 

after  having  been  informed  of  the  true  state  of  affairs,  they 

continued  to  be  deceived. 


194 


It  follows  that,  with  this  arrangement,  a  situation  seems 
to  have  been  created,  at  least  within  the  critical  area,  in 
which  just  those  auditory  cues  were  produced  which  were  of 
importance  for  obstacle  detection,  and  thus  for  evoking  the 
experience  of  facial  vision. 

Notwithstanding  what  has  been  said  above,  the  question  still 
remains  unanswered  as  to  why  the  perceptional  response  does  not 
remain  within  the  auditory  domain  but  passes  over  into  another 
modality.  On  this  point  I  am  only  able  to  express  a  speculative 
opinion  referring  to  some  other  perceptual  observations:  J.J. 
GIBSON  (1950),  an  authority  on  perception  studies,  was  able 
to  prove  in  many  cases  that  very  complex  stimulus  situations 
within  the  optical  range,  (to  the  extent  that  they  are  developed 
in  accordance  with  strict  space-time  laws  -  the  so  called  inva- 
riants or  "gradients")  often  find  a  perceptional  correspondence 
in  form  of  a  new  and  particular  quality  (or  modality).  Thus,  it 
may  be  said,  for  example,  that  such  highly  complicated  "trans- 
formations" of  distances,  angles,  textures,  etc.  as  are  optically 
generated  by  moving  around,  are  simply  responded  to  by  the  per- 
ception of  selfmovement  in  a  stable  world  (so-called  "visual 
kinesthesis").  Thus,  quite  definite  arrangements  of  stimuli  and 
stimuli  modifications  are  responded  to,  by  a  peculiar  perceptual 
configuration. 

In  the  case  of  facial  vision  we  find  ourselves  faced  with 
an  analogous  situation,  namely,  that  to  a  complex  acoustic 
stimulus  situation  (and  only  to  that  situation)  there  is  a 
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peculiar  perceptional  reaction.  Facial  vision  seems  thus  to 
be  a  specified  response  to  a  specific  acoustic  gradient  upon 
which  it  is  based.  Remember  please  in  this  connection  Dr. 
WILSON's  remark:  "It  is  interesting  to  note  that,  in  the  case 
of  tha  cat,  cortical  neurones  have  been  found  that  respond 
only  to  certain  ranges  of  changing  pitch. "  Facial  vision  seems 
to  be  the  introspective  correlate,  if  we  can  assume  a  similar 
mechanism  in  man. 
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ANATOMICAL 

AND  EXPERIMENTAL  OBSERVATIONS 

ON  THE  CETACEAN  SONAR  SYSTEM 

by 

RE.  PURVES 


INTRODUCTION 

In  view  of  the  anatomical  and  experimental  observations  described  by 
FRASER  and  PURVES  (1960)  in  their  study  of  the  accessory  air  sinuses 
of  the  middle  ear  in  cetaceans,  the  question  arises  about  the  manner 
in  which  the  cetacean  voice  is  co-ordinated  with  its  sense  of  hearing, 
and  how  the  emission  of  sound  waves  is  influenced  by  the  presence  of 
extensive  air  cavities  in  the  head.  It  has  been  proved  conclusively  by 
NORRIS  et  al.  (1961)  that  the  smaller  Cetacea  can  find  food,  avoid 
obstacles  and  locate  other  members  of  their  own  kind  completely  blind- 
fold, and  in  so  doing,  emit,  and  are  sensitive  to,  underwater  sound 
frequencies  of  20  kHz  to  well  over  100  kHz.  The  wave-lengths  of  these 
high  frequencies  are  small  relative  to  the  linear  dimensions  of  the  air 
spaces  so  that  whatever  the  original  source  of  the  emitted  sound,  the 
vibrations  must  be  subject  to  such  phenomena  as  reflection,  diffraction, 
interference,  resonance,  etc.,  during  their  passage  through  the  head, 
with  the  net  result  of  modifying  the  polar  distribution  of  the  sound 
field  in  the  ambient  water.  The  far  field  would  of  course  differ  markedly 
from  the  near  field,  because  of  the  greater  attenuation  of  high  frequency 
waves  in  water. 

A  great  deal  of  speculation  has  arisen  about  the  mechanism  of  phonation, 
and  a  number  of  different  hypotheses  have  appeared  in  the   literature. 
Some  authors,  notably  KELLOGG  (1961),  EVANS  and  PRESCOTT  (1962).  NORRIS 
(1964),  EVANS  et  al.(1964),  locate  the  sound  producing  mechanism  among 
the  various  pneumatic  chambers  which  are  to  be  found  in  the  upper  part  of 
the  blow-hole,  but  others,  LAWRENCE  and  SCHEVILL  (1965)  and  GRIFFIN  (1966) 
believe  the  sound  source  to  be  laryngeal .LILLY  (1961 , 1962)who  carried  out 
an  exhaustive  analysis  of  cetacean  noises  under  ideal  conditions  maintains 
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that  there  are  at  least  two,  and  possibly  three  sound-producing  mechanisms 
which  may  be  used  separately  or  simultaneously .  In  his  earlier  papers  he 
is  inclined  to  the  view  that  these  systems  are  located  in  the  upper  nasal 
chambers,  but  in  his  book  "Man  and  Dolphin"  he  concedes  that  the  larynx 
may  also  be  involved. 

When  one  recalls  the  great  variety  of  noises  which  may  be  elicited  by 
simply  blowing  air  through  the  nasal  passages  of  a  dead  cetacean,  it  would 
not  be  surprising  to  discover  that  an  intelligent  animal  like  a  dolphin 
could  make  use  of  the  sound  producing  properties  of  its  valves  and  air 
chambers  to  produce  airborne  "humanoid"  noises  for  communication  with 
Man,  and  in  certain  circumstances,  with  its  own  species.  It  is  evident, 
however,  that  the  so  called  separate  "layers"  of  the  muscle  systems  which 
control  the  air  sacs  and  valves  can  only  be  operated  in  sequence  and  not 
independantly  of  one  another.  All  the  blood  vessels  and  nerves  which 
supply  the  major  groups  of  muscles  spring  each  from  a  separate  main  trunk 
and  pass  from  layer  to  layer  within  the  group,  branching  only  within  the 
"layer"of  the  muscle.  This  may  be  demonstrated  by  injecting  the  system 
with  latex  or  polyester  resin,  where  upon  the  "layers"  become  quite  in- 
separable owing  to  the  numerous  interconnecting  vessels.  The  shearing 
stresses  involved  in  independant  action  of  the  muscle  "layers"  would  be 
bound  to  cause  rupture  of  the  vessels  and  nerves. 

LAWRENCE  and  SCHEVILL  (loc.  cit.)  have  demonstrated  most  elegantly  that'  all 
the  various  air-sac  systems  are  necessary  for  the  non-muscular  occlusion 
of  the  blow-hole  during  submergence,  but  it  can  be  shown  that  they  are 
also  necessary  for  the  retention  and  recirculation  of  air  during  phonation 
without  themselves  necessarily  being  involved  in  the  production  of  sound. 

This  paper  is  primarily  concerned  with  Sonar  and  it  is  proposed  to  show 
that  Phonation  by  the  larynx  is  quite  adequate  to  meet  the  requirements 
of  accurate  echo-location.  The  normal  mechanism  of  phonation  in  mammals 
is  located  in  the  larynx  and  the  fact  that  there  are  no  vocal  chords  of 
the  conventional  type  in  the  cetacean  larynx  has  brought  about  its  immediate 
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rejection  as  a  possible  sound  source.  However,  as  NEGUS  (1949)  has 
shown,  Man  is  one  of  the  few  mammals  which  phonate  by  means  of  true 
vocal  chords  the  majority  employing  modifications  of  the  thyroarytenoid 
fold,  and  a  few,  the  artiodactyl  ungulates,  of  the  aryepiglottic  folds. 
It  has  been  our  experience  that  whatever  structure  is  responsible  for 
a  certain  function  in  terrestrial  mammals,  is  also  responsible  for  that 
function  in  cetaceans,  except  that  the  structure  may  have  undergone 
profound  modification  for  operation  under  water.  Situated  as  it  is, 
directly  between  the  peribullary  air  spaces,  the  glottis  is  partially 
acoustically  isolated  from  the  ears,  and  thus  in  a  favourable  position 
for  the  role  of  sound  emitter.  In  echolocation,  the  voice  must  necessarily 
be  mainly  monitored  on  the  echo,  rather  than  on  the  emitted  pulse,  if  the 
repeat -frequency  is  to  be  correctly  adjusted  for  range.  It  is,  therefore, 
essential  that  no  unattenuated  sound  path  from  emitter  to  receiver  should 
be  available. 

Acting  on  the  assumption  that  the  larynx  was  the  main  sound  emitter  we, 
(F.C.F.  and  P.E.P.),  carried  out  experiments  concurrently  with  our  research 
on  the  sense  of  hearing,  on  the  propagation  of  laryngeal  sound  through 
the  head  in  dead,  fresh  specimens  of  Phocaena  phocaena  and  Lagenorhynchus 
cruciger.  In  1962  I  was  able  to  repeat  these  experiments  on  two  more 
specimens  of  Phocaena  and  on  the  Bottle-nosed  dolphin  Tursiops  truncatus. 
In  1963  I  had  the  opportunity  to  compare  the  results  of  all  these  ex- 
periments with  results  of  other  experiments  carried  out  on  live  specimens 
of  Tursiops  at  the  Communications  Research  Institute,  Miami,  U.S.A.  in 
which  the  animal's  own  natural  voice  was  monitored.  The  account  which 
follows,  therefore,  is  given  in  the  reverse  order  of  that  which  was 
employed  in  the  study  of  the  sense  of  hearing  by  FRASER  and  PURVES  (loc.  cit.) 
for  other  parts  of  the  anatomy.  A  description  is  first  given  of  the  ex- 
periments and  their  results,  secondly  a  delineation  of  the  anatomical 
features  involved,  and  finally,  an  interpretation  of  the  mechanism  of 
phonation  and  echo-navigation. 
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MATERIALS  AND  METHODS 

The  first  experiment  was  carried  out  on  a  fresh  specimen  of  the  Common 
Porpoise,  Phocaena  phocaena,  which  had  been  caught  accident ly  by  fishermen 
in  the  North  Sea.  For  the  purpose  of  the  experiment  a  variable-pitch, 
Galton  whistle  commensurate  with  the  larynx  was  adjusted  to  20  kHz,  and 
attached  to  an  air  line,  which  was  then  introduced  into  the  trachea  until 
the  body  of  the  whistle  lay  in  the  rima  glottidis  with  the  case  between 
the  arytenoid  cartilages,  figs.  1  and  2.  The  whistle  was  considered  to 
be  necessary  since  the  mere  act  of  blowing  air  through  the  larynx  without 
the  whistle  produced  non-specific  noises  in  many  parts  of  the  respiratory 
tract  which  could  not  be  monitored  satisfactorily.  The  introduction  of 
electrical  devices  for  the  production  of  sound  in  the  larynx  inevitably 
produces  capacitance  effects  which  are  distributed  with  equal  intensity 
over  the  whole  body  as  MACKAY  (1964)  discovered  to  his  advantage  during 
his  experiments  on  ingested  micro-transmitters  in  Tursiops .  It  was  found 
that  an  air  pressure  equivalent  to  25  mm  Hg  was  sufficient  to  produce  an 
intense  and  extremely  high-pitched,  but  audible  tone,  after  the  incision 
had  been  tightly  sutured  round  the  air  line.  Owing  to  the  self-sealing 
action  produced  by  inflation  of  the  tubular  air  sacs,  as  described  by 
LAWRENCE  and  SCHEVILL  (loc.cit.)  a  sustained  note  could  not  be  maintained 
by  this  method  for  more  than  20  sees,  so  that  the  lips  of  the  blow-hole 
had  to  be  kept  apart  by  tubing  during  a  prolonged  series  of  measurements. 
The  sound  intensity  at  various  points  on  the  head  was  found  by  measuring 
the  longitudinal  vibration  of  a  suture  needle  inserted  alternatively 
superficially  and  deeply  at  these  points.  A  piezoelectric  cartridge  was 
placed  so  that  the  stylus  rested  on  the  eye  of  the  needle  at  right  angles 
to  its  axis,  fig.  3,  and  the  output  of  the  crystal  was  connected  to  a 
cathode-follower,  amplifier,  voltmeter  and  oscilloscope,  fig. 2.  The  lowest 
voltage  after  amplification  (O.lv)  was  used  as  the  reference  in  recording 
intensity  levels  in  db . 

At  this  stage  it  should  be  pointed  out  that  these  experiments  differ 
fundamentally  from  those  described  by  EVANS  and  PRESCOTT  (loc.cit^. 
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Fig.  1  :  X-Ray  photograph  showing  position  of  a  whistle  in 
the  larynx  of  a  Common  porpoise  Phocaena  phocaena. 


■: :.:,:;:: ..,,?  ^.v^-^r;;; 


Fig.  2  :  Apparatus  for  the  production  and  measurement 
of  sound  vibrations  in  the  head  of  a  Common 
porpoise  Phocaena  phocaena. 
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These  authors  measured  the  sound  produced  by  blowing  air  through  the 
respiratory  passages  of  separated  heads  of  Stenella  and  Tursiops,  using 
a  ring  of  condenser  microphones  placed  round  the  head  and  separated  from 
the  surface  of  the  skin  by  an  air-gap  of  alternatively  0*25  and  15  inches. 
In  these  circumstances,  because  of  the  large  acoustic  mismatch  between 
the  animal  tissues  and  the  surrounding  atmosphere  most  of  the  energy  of 
the  small  displacement-amplitude  vibrations  would  undergo  internal 
reflection,  so  that  only  the  large  amplitude  vibration  of  the  tissues 
surrounding  the  air-sacs  would  be  measured.  It  is  not  surprising  therefore, 
that  the  sound  energy  showed  an  asymmetrical  pattern  consistent  with  that 
of  the  air-sacs.  It  was  not  the  purpose  of  our  experiments  to  measure  the 
intensity  of  vibration  of  air  in  the  nasal  passage  but  that  of  the  small 
displacement-amplitude,  high  energy  vibrations  transmitted  through  the 
body  of  the  whistle  to  the  cartilages  of  the  larynx,  assuming  these  to 
be  further  transmitted  to  the  vomer  and  via  the  palatopharyngeus  muscles 
to  the  maxillary  bones  of  the  skull.  Such  measurements  required  that 
there  should  be  no  large  acoustic  mismatch  at  any  point.  The  vibrations 
of  the  animal  tissues  were,  therefore,  coupled  directly  to  the  piezoelectric 
cartridge  via  the  suture  needle. 

The  experiments  of  EVANS  et  al.(loc.cit^)  bear  a  closer  relationship  to 
reality  since  they  were  conducted  with  specimens  under  water.  These  authors 
were  able  to  demonstrate  that  the  architecture  of  the  skull  endows  it 
with  definite  directional  properties  as  a  sound-reflector  but  they  do  not 
show  that  it  is  also  a  good  transmitter.  In  these  experiments  small  sound 
sources  were  implanted  in  the  "areas"  of  the  nasal  sacs   and  larynx  but 
the  exact  location  of  the  laryngeal  implant  is  not  stated.  It  was  found 
that  most  of  the  energy  of  the  laryngeal  implant  was  reflected  downwards, 
a  result  which  is  not  surprising  in  view  of  the  wide  distribution  of  air 
cavities  on  the  base  of  the  skull  and  in  the  larynx  itself.  As  will  be 
shown  later,  there  is  good  acoustic  coupling  between  the  upper  cartilages 
of  the  larynx  and  the  bones  of  the  skull  so  that  had  the  implant  been 
placed  within  the  actual  rima  glottidis,  a  different  result  might  have 
been  obtained. 
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TABLE  1  (Continued)  -  Phocaena  phocaena 


i                            Lower  Jaw                              :                          db                                   : 

:      Position                                                       : 

D             i 

:         2cm. below  eye                                           :                  .2 

1.2             j 

:        4cm. anterior  to  eye                             :                 .2 

.2              i 

'      ,  _               n             it      it                                  i                    „ 
:      12cm.                                                              :                   0 

0              1 

|      16cm.        "            "      "                                 fO 

0              1 

j      16cm.         JO 

0           1 

1      20cm.         "             "      "                                   JO 

0              j 

:      Tip   of   Lower  Jaw                                        :                     0 

0              j 

j             S  =   Superficial                                             D  =  Deep                                       : 

Table  showing  distribution  of  sound  intensity  levels  in 
the  head  of  a  Common  porpoise  Phocaena  phocaena  radiated 
from  an  artificial  source  in  the  larynx. 
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The  figures  for  the  first  experiment  with  Phocoena  phocoena  are  given 

in  Table  I . 

Almost  immediately  afterwards,  a  deep  frozen  specimen  of  Lagenorhynchus 

cruciger  was  received  in  absolutely  fresh  condition  from  Dr.  C.E.  ASH 

a  Whaling  Inspector  aboard  the  Balaena.  The  experiment  was  repeated  in 

the  same  way  as  with  Phocoena.  The  results  for  Lagenorhynchus  cruciger 

are  given  in  Table  II . 

Inspection  of  the  figures  shows  that: 

(a)  Maximum  values  were  obtained  from  the  tip  of  the  snout,  notwithstanding 
that  this  point  was  furthest  away  from  the  source  of  sound. 

(b)  The  maximum  value  is  the  same  in  both  species  despite  the  fact  that 
the  length  of  the  head  of  L.  cruciger  is  almost  double  that  of 

P.  phocoena. 

(c)  The  superficial  values  are  very  much  lower  than  those  measured  with 
the  needle  in  contact  with  bone,  except  in  the  regions  where  the  soft 
tissues  were  relatively  thin,  i.e.  in  the  region  just  anterior  to 
the  eye,  the  hardpalate  and  at  the  tip  of  the  snout. 

(d)  Relatively  large  signals  were  obtained  in  the  vicinity  of  the  vomer. 

(e)  Negligible  signals  were  recorded  on  the  lower  jaw. 

The  very  low  intensities  recorded  from  the  superficial  structure  of  the 
head  could  be  accounted  for  in  a  number  of  ways.  Firstly,  by  mechanical 
slip  in  the  suture  needle.  Secondly,  by  the  presence  of  bubbles  of  gas 
decomposition  in  the  tissues,  and,  thirdly,  by  a  very  low  sound  trans- 
mission from  bone  to  blubber.  In  order  to  investigate  this  problem,  the 
severed  head  was  placed  in  a  large  tank  of  water  and  the  pressure  in  the 
air  line  adjusted  so  that  it  exceeded  the  hydrostatic  pressure  by  about 
25  mm.  Hg .  Under  these  conditions  the  whistle  continued  to  function  in 
the  larynx.  A  delicate  hydrophone  was  then  moved  about  at  approximately 
1  cm  distance  from  the  surface  of  the  head  and  the  output  monitored 
visually  with  the  oscilloscope.  As  in  the  previous  experiments,  the 
maximum  response  was  obtained  in  the  region  of  the  tip  of  the  snout, 
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but  no  signal  at  all  could  be  obtained  from  near  the  surface  of  the  melon, 
nor  from  other  surface  covered  by  a  fair  thickness  of  blubber.  At  a  point 
half  way  along  the  gape,  the  oscilloscope  display  could  be  made  to  appear 
and  disappear  by  simply  opening  or  closing  the  mouth. 

A  section  of  blubber  was  then  stripped  from  the  throat  opposite  the  larynx, 
and  the  hydrophone  placed  near  the  surface  of  the  musculature.  Signals  of 
moderate  strength  were  again  obtained,  although  the  muscle  at  this  point 
was  about  10  cms  in  thickness.  During  these  experiments  it  was  found  that 
the  walls  of  the  resin-bonded,  chopped  fibre-glass  tank,  were  practically 
anechoic  for  the  strength  of  signal  used.  The  general  inference  from  these 
experiments  was  that  the  poor  signals  obtained  from  the  superficial  layers 
of  the  head  were  not  due  to  mechanical  slip  of  the  suture  needle  but  to 
some  factor  disturbing  the  transmission  of  sound  from  muscle  and  bone  to 
blubber,  a  phenomenon  which  was  commented  upon  by  PURVES  (1966) .  If  this 
factor  was  the  presence  of  gas  bubbles,  then  blubber  must  be  more  prone 
to  the  formation  of  bubbles  than  bone  and  muscle.  There  was  also  an  in- 
dication that  sound  transmission  to  the  lower  jaw  was  blocked  near  its 
articulation  to  the  skull. 

Some  time  later,  whilst  carrying  out  economic  work  at  the  Zoological 
Laboratory,  Amsterdam,  I  was  able  to  repeat  the  experiments  on  two  more 
specimens  of  Phocaena  and  on  a  Bottle-nosed  dolphin  Tursiops  truncatus, 
but  no  superficial  readings  were  taken  at  this  time.  When  the  first 
experiments  on  Phocaena  was  performed  in  Amsterdam,  completely  negative 
results  were  obtained,  and  the  animal  was  taken  away  for  autopsy. 
On   removing  the  flesh  from  the  skull,  it  was  found  that  the  rostrum  had 
been  fractured  completely  through  its  base  and  was  detached  from  the 
remainder  of  the  skull.  Another  specimen  was  then  experimented  upon  and 
the  results  were  almost  exactly  as  those  obtained  in  London. 
The  results  obtained  from  Tursiops  were  in  general,  similar  to  those 
obtained  in  Phocaena  but  in  this  experiment  a  more  sensitive  cartridge  was 
used,  a  fact  which  may  account  for  the  higher  voltages  obtained.  The  results 
for  Phocaena  and  Tursiops  are  given  in  Tables  III  and  IV. 
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TABLE  II  (Continued)  -  Lagenorhynchus  cruciger 


:           Lower  Jaw 

db           I 

j             Position 

S        j      D       1 

:     2  cm.  below  eye 

0        j      0       I 

:    4  cm.  anterior  to  eye 

0        I      0       I 

*        1   r\                                         "              ft     ft 

:    12  cm. 

0       1     0      i 

*    _  _        M      tt   tt 
:    16  cm. 

0        1      0       1 

|    32  cm. 

o     jo! 

:   Tip  of  Lower  Jaw 

0        1      0       I 

:     S  =  Superficial                     D  =  Deep             I 

Table  showing  distribution  of  sound  intensity  levels 

in  the  head  of  a  Crucigerous  dolphin  Lagenorhynchus  cruciger 

radiated  from  an  artificial  source  in  the  larynx. 
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TABLE  IV  (Continued)  -  Tursiops  truncatus 


:     Hard  Palate  (Lateral)  :   db   i  Hard  Palate  (Medial) 

db    1 

:  T       . ,.  _ .   .  .        :       :  Mid  line  level  with 

:  Level  with  first  tooth    :   8    :  „ 

:                         :       :  first  tooth 

24    j 

:   4  cm.  anterior  to  first  j  12    :   4  cm.  anterior  to 
|        tooth             :       :        first  tooth 

44    j 

*      „                 tt               II          tl        *    -  _        *      — .                 M            It 

:   8  cm.                  :  12    :   8  cm. 

44    j 

j  12  cm.    "           "    :  22.5  :  12  cm. 

46    j 

:  16  cm.    "           "    :  29    :  16  End  of  vomer 

48    i 

i  Tip  of  Snout             :  23    :  Between  maxillae 

12    I 

Table  showing  distribution  of  sound  intensity  levels  in  the 
head  of  a  Bottle-nosed  dolphin  Tursiops  truncatus  radiated 
from  an  artificial  source  in  the  larynx. 


212 


In  all  cases,  there  is  a  tendency  both  in  horizontal  sagittal  planes  for 
the  sound  to  become  more  intense  towards  the  tip  of  the  snout  but  it  is 
of  particular  interest  to  note  that  the  sound  intensities  measured  along 
the  central  axis  of  the  hard  palate  are  greatest  of  all. 
In  August  1963,  I  spent  a  week  at  the  Communications  Research  Institute, 
Miami,  U.S.A.,  where  experimental  work  is  carried  out  on  captive  specimens 
of  Tursiops  truncatus.  In  one  of  the  laboratories,  the  animals  were  kept 
in  large  fibre-glass  tanks,  each  having  a  narrow  Plexiglass  annex  as 
shown  in  figs.  4  and  5.  When  the  tanks  were  first  installed  in  1961,  the 
animals  were  driven  into  these  annexes  for  the  purpose  of  making  psycho- 
logical and  cathode-ray  encephalograph  studies,  but  since  that  time  had 
been  in  the  habit  of  entering  them  voluntarily,  spending  a  great  deal  of 
time  observing  the  acitivites  of  people  in  the  laboratory .  They  were  also 
able  voluntarily  to  back  out  of  the  annexes  into  the  main  tank  if  they 
so  wished.  This  arrangement  was  ideal  for  my  purpose,  as  it  enabled  sound 
intensity  experiments  to  be  carried  out  without  having  to  restrain  the 
animals  in  any  way  and  without  the  use  of  hydrophones. 

A  pair  of  flat-faced  barium  titanate  transducers  1  cm  square  were  clamped 
to  the  walls  of  the  annex  fig.  5  and  coupled  acoustically  to  the  Plexiglass 
by  coating  with  a  thin  fil  of  petroleum  jelly.  The  transducers  were  then 
connected  by  long,  concentric,  earthed  cables  to  two  identical  band-pass 
filters , preamplifiers ,  and  a  double-beamed  oscilloscope  which  were  enclosed 
in  an  instrument  booth  out  of  sight  of  the  animal.  One  transducer  was  fixed 
to  the  end  of  the  annex,  and  coupled  to  the  upper  trace  of  the  oscilloscope 
and  the  other  to  the  side,  at  a  point  approximately  in  line  with  the  glottis 
and  posterior  nares  of  the  animal  when  it  was  fully  in  the  annex.  This  trans- 
ducer was  coupled  to  the  lower  trace  of  the  oscilloscope. 
The  mere  activity  of  fixing  the  apparatus  was  sufficient  to  excite  the 
animals  curiosity  and  it  would  enter  the  annex  emitting  bursts  of  sonar 
activity  at  the  same  time.  The  emitted  sounds  were  of  three  main  types,  a 
clicking  pulse  of  variable  repeat -f requency ,  short  or  sustained  whistles, 
and  loud  squawks .  During  the  last  two  types  of  phonation,  a  considerable 
amount  of  noise  was  emitted  from  the  blow-hole  into  the  air,  if  the  former 
happened  to  be  out  of  water  at  the  time.  It  should  be  pointed  out  at  this 
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A  living  specimen  of  Bottle-nosed  dolphin 
Tursiops  truncatus  in  a  Plexiglass  annex 
with  transducer  fixed  to  the  outside  of  the 

tank. 


Fig.  5  :  A  living  specimen  of  a  Bottle-nosed  dolphin 
Tursiops  truncatus  with  barium  titanate 
transducers  fixed  to  the  outside  of  the 
tank. 
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stage,  that  it  is  the  latter  phenomenon  which  may  have  led  to  the 
assumption  by  a  number  of  authors  that  the  noise  emitter  is  the  blow- 
hole mechanism.  However,  it  is  easy  to  be  misled  in  this  respect.  In 
the  laboratory  experiments  on  the  dead  animals,  previously  described, 
the  sound  of  the  whistle  seemed  to  come  from  the  blow-hole,  notwith- 
standing that  the  whistle  was  located  deeply  in  the  larynx.  It  is  signi- 
ficant also  that  the  dolphins  could  emit  all  these  noises  with  equal 
facility,  though  with  less  intensity,  when  the  blow-hole  was  closed  and 
the  head  completely  submerged. 

The  filters  were  set  to  pass  frequencies  above  30  kHz  since  the  trans- 
ducers were  relatively  insensitive  below  this  level.  The  photographs 
shown  in  figs.  6-12  were  taken  with  a  polaroid  camera  manually  operated. 
Fig.  6  shows  the  trace  set  at  10  Hz  on  the  oscilloscope  with  the  animal 
just  entering  the  annex  at  a  distance  of  1,5  metres  approximately.  The 
repeat  frequency  is,  therefore,  80  pps .  It  will  be  seen  that  the  amplitude 
on  the  upper  trace  is  greater  than  that  on  the  lower,  the  measured  voltages 
being  0.12  v  and  0.04  v  respectively;  difference  9.6  db  approximately.  The 
effect  of  a  greater  amplitude  on  the  upper  trace  might  have  been  expected 
irrespective  of  any  directionality  of  the  pulse  owing  to  the  channelizing 
effect  of  the  annex  and  the  angle  of  reflection  at  the  side  transducer. 
Fig.  7  shows  the  trace  set  at  100  Hz  when  the  animal  was  nearly  touching 
the  end  of  the  annex;  the  repeat  frequency  is  300  pps.  and  the  voltage 
strength  on  the  upper  and  lower  traces  0.28  v  and  0.09  v  respectively, 
difference  9.8  db.  Since  the  camera  exposure  was  0.04  sec  each  pulse  shown 
on  the  photograph  represents  a  group  of  approximately  4  clicks  super- 
imposed. As  might  be  expected  at  this  repeat  frequency,  individual  clicks 
could  not  be  distinguished  by  ear,  the  general  effect  being  that  of  a 
fairly  high-pitched  squawk.  In  this  last  position  the  distance  from  the 
sound  producing  mechanism,  (whether  it  be  the  larynx  or  the  nasal  passages) 
to  the  end  transducer,  was  at  least  four  times  that  to  the  side  trans- 
ducer, and  yet  the  amplitude  of  the  sound  at  the  end  transducer  was  approxi- 
mately 9  db  above  that  at  the  side  transducer.  This  result  showed  that  all 
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Fig.  6  :  Oscilloscope  traces  of  sonar  clicks  from  a 
Bottle-nosed  dolphin  Tursiops  truncatus. 
Repeat  frequency  80  pps  voltage  ratio 
0.12  to  0.04.  Difference  9.6  dB  approx. 


Oscilloscope  traces  of  sonar  clicks  from  a 
Bottle-nosed  dolphin  Tursiops  truncatus. 
Repeat  frequency  300  pps  voltage  ratio 
0.28  to  0.09.  Difference  9.8  dB  approx. 
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frequency  components  above  30  kHz  were  being  beamed  predominantly  forward 
along  the  rostrum.  The  absence  on  the  lower  trace  of  the  double  pulse 
should  be  noted. 

No  frequency  analyser  was  available  at  this  time  but  it  was  of  some 
interest  to  find  out  whether  there  were  any  frequency  components  (above 
100  kHz)  in  the  clicks  which  could  be  expected  to  be  fairly  sharply 
directional.  Fig.  8  shows  the  oscilloscope  trace  set  at  50  kHz  with  the 
animal  near  the  end  of  the  annex.  There  are  six  superimposed  clicks  with 
three  complete  sine  waves  in  each,  indicating  a  frequency  component  of 
150  kHz.  The  peak  voltage  on  the  upper  trace  was  0.26  v  but  no  useful 
voltage  was  measured  on  the  lower  trace,  a  result  indicating  fairly  sharp 
directionality.  In  order  to  obtain  a  qualitative  picture  of  the  limits  of 
the  sound  field  at  this  frequency,  both  transducers  were  placed  at  the  end 
of  the  annex,  separated  by  a  distance  of  20  cms.  The  result  is  shown  in 
fig.  9.  The  peak  voltage  on  each  trace  is  0.09  v  approximately,  i.e.  the 
same  voltage  as  was  obtained  from  the  side  transducer  placed  directly 
opposite  the  larynx.  At  distances  further  apart,  no  useful  voltages  could 
be  obtained. 

During  this  experiment  it  was  found  that  the  animal  could  be  made  to  point 
its  snout  between  the  transducers  or  at  either  transducer  by  placing  the 
hand  inside  the  tank  as  shown  in  fig.  5.  and  by  moving  the  fingers  to  the 
required  position.  Every  time  the  snout  pointed  at  a  single  transducer  the 
oscilloscope  picture  reverted  to  that  shown  in  fig.  8.  By  this  means  it  was 
possible  for  the  observer  in  the  instrument  booth  to  call  out  the  position 
of  the  snout  without  himself  being  able  to  see  the  animal.  It  will  be  noticed 
that  only  three  clicks  appear  on  each  trace  in  fig.  9  whereas  there  are  six 
in  the  upper  trace  of  fig.  8.  A  number  of  explanations  could  be  given  for 
this  phenomenon  but  my  submission  is  that  the  fig.  9  represents  two  trains 
of  clicks,  one  from  each  side  of  the  rostrum  and  that  fig.  8  represents 
a  summation  of  these  two  trains  at  the  tip  of  the  rostrum,  the  individual 
clicks  being  slightly  out  of  phase  with  each  other. 
Fig.  10  shows  a  large  number  of  150  kHz  sine  waves  on  the  upper  trace  when 
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Fig.  8  :  Oscilloscope  trace  of  the  ultrasonic  component 
of  sonic  activity  of  Bottle-nosed  dolphin 
Tursiops  truncatus  150  kHz  voltage  ratio 
0.26  V  to  0. 


Fig.  9  :  Oscilloscope  trace  of  the  ultrasonic  component 
at  sonic  activity  of  a  Bottle-nosed  dolphin 
Tursiops  truncatus  150  kHz  voltage  ratio 
0.09  -  0.09. 
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one  transducer  was  placed  20  cms  vertically  above  the  tip  of  the  snout 
and  level  with  the  top  of  the  melon,  the  other  transducer  being  dis- 
connected. Fig.  11  shows  an  even  larger  number  of  150  kHz  sine  waves  of 
greater  amplitude  when  the  transducer  was  lowered  to  the  tip  of  the  snout , 
the  voltage  readings  being  0.16  and  0.28  respectively,  difference  4.9  db 
approximately.  Fig.  12  shows  two  sets  of  150  kHz  sine  waves  when  the  two 
transducers  were  placed  20  cms  apart,  20  cms  vertically  above  the  rostrum. 
The  voltage  reading  on  each  being  0.09  volts,  exactly  as  before.  The  com- 
bined set  of  readings  indicate  that  at  this  high  frequency,  although  a 
considerable  amount  of  sound  energy  was  being  directed  vertically,  there 
was  very  little  lateral  spread  and  that  by  far  the  greater  amount  of 
energy  was  located  at  the  tip  of  the  snout.  During  this  last  experiment 
the  animal  emitted  no  audible  signal  but  the  observer  stated  that  he 
could  distinctly  feel  the  vibration  when  his  hand  was  placed  in  the  tank 
in  front  of  the  snout .  The  great  reduction  of  energy  in  the  lateral  plane 
strongly  suggests  interference  phenomena  from  two  sources  horizontally 
separated. 

A  final  experiment  consisted  of  coupling  a  transducer  to  the  bottom  of 
the  annex  and  moving  it  forward  in  stages  towards  the  tip  of  the  lower  jaw. 
No  measurable  voltages  could  be  obtained.  All  these  photographs  had  to  be 
taken  just  a  few  hours  before  I  was  due  to  leave  the  laboratory  so  that 
there  was  insufficient  time  to  take  a  complete  set  of  readings  at  various 
points  as  in  the  whistle  experiments.  Insufficient  data  about  camera  ex- 
posure times  and  amplification  settings  were  recorded  to  provide  accurate 
quantitative  information  about  the  sound  energy  levels  at  the  various  points 
However,  the  photographs  do  show  that  both  in  the  whistle  experiments  on 
dead  animals  and  in  the  experiments  on  live  animals  using  their  own,  natural 
voice,  the  qualitative  results  are  very  similar.  It  is  appreciated  that 
all  the  recorded  results  are  near-field  effects  in  close  contact  with  the 
animal  and  in  the  higher  frequency  range  but  they  were  collected  in  order 
to  try  to  determine  the  possible  source  of  the  sound  emission.  The  high 
concentration  of  energy  at  the  tip  of  the  snout  will  have  to  be  accounted 
for  on  anatomical  and  physical  grounds  and  it  is  from  this  standpoint  that 
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Oscilloscope  traces  of  the  ultrasonic  component 
at  sonic  activity  of  a  Bottle-nosed  dolphin 
Tursiops  truncatus  150  kHz  at  tip  of  snout. 


Fig.  10 


Fig.  11 


Fig.  12 
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the  two  main  possible  sound  sources,  the  larynx  and  the  blow-hole  mechanism, 
will  be  discussed  in  the  rest  of  this  paper „ 

THE  STRUCTURE  OF  THE  LARYNX 

Since  TYSON  (1680)  first  described  the  larynx  of  the  Common  Porpoise 
Phocaena  phocaena  a  great  number  of  anatomists  have  interested  themselves 
in  the  cetacean  vocal  organ,  and  at  the  present  time  the  larynges  of  very- 
few  genera  remain  to  be  described.  MURIE  (1870,1873),  POUCHET  and  BEAUREGARD 
(1889),  D'ARCY  THOMPSON  (1892),  RAWITZ  (1900> ,  BOENNINGHAUS  (1902),  SCHULTE 
(1916),  KERNAN  and  SCHULTE  (1918),  HOSOKAWA  (1950),  KLEINENBERG  and 
YABLOKOV  (1958),  BROWN  (1962). 

For  this  reason  it  is  not  proposed  at  this  time  to  enter  into  a  detailed 
comparative  study,  but  to  give  a  general  account  of  those  structures  which 
are  well  known, and  a  more  detailed  description  of  those  parts  which  have 
not  been  adequately  studied,  but  which  are  relevant  to  the  subject  of  this 
paper. 

The  general  form,  fig.  13  is  typically  mammalian  and  consists  of  a  skeletal 
framework  of  cartilages,  held  together  by  ligaments,  muscles  and  mucous 
membranes.  It  is  possible  to  identify  all  the  main  structures  by  the  names 
applied  to  their  homologues  in  human  anatomy,  and  in  describing  the  modi- 
fications that  have  occured,  the  larynx  of  Man  will  be  taken  as  a  reference. 

The  most  striking  difference  in  the  form  of  the  cetacean  larynx  from  those 
of  all  other  mammals  lies  in  the  structure  of  the  glottis,  which  is  in 
the  shape  of  an  elongated  spout.  The  distal  end  of  the  spout,  the  axis 
of  which  is  orientated  anterodorsally  to  that  of  the  rest  of  the  larynx, 
is  inserted  into  the  posterior  nares  figs.  14  and  15.  Much  confusion  has 
arisen  in  the  interpretation  of  the  structures  inside  the  larynx,  owing 
to  an  assumption  that  the  dorsal  inclination  of  the  glottis,  fig.  15  (GLO) 
is  a  secondary  development,  correlated  with  the  dorsal   situation  of  the 
blow-hole  (BLO) .  In  fact,  dorsal  orientation  of  the  glottis  is  a  feature 
common  to  most  mammals,  and  it  is  the  horizontal  orientation  of  the  trachea 
(TRA)  cricoid  and  thyroid  (CTH)  cartilages,  which  is  the  secondary 
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13  :  Laryngeal  cartilages  of  a  Common  dolphin 
Delphinus  delphis. 


(S)   MD  PTS 


FiK-  14  :  Sagittal  section  and  dissection  of  larynx  of 
a  Common  porpoise  Phocaena  phocaena. 
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Fig.  15  :  Dissection  of  the  head  and  thorax  of  a 
3  ft.  foetus  of  False  Killer  whale 
Pseudorca  crassidens. 
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Fig.  16  :  Transverse  sections  of  the  larynx  of 
Common  porpoise  Phocaena  phocaena. 
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development,  due  to  shortening  of  the  neck  and  respiratory  tract.  The 
sharp  horizontal  inclination  of  the  respiratory  tract  at  the  level  of 
the  thyroid  cartilage  has  caused  the  arytenoids,  figs.  13  and  16  (CAR) 
to  be  more  closely  intruded  into  the  thyroid  angle,  so  that  the  thyroary- 
tenoid muscles,  figs.  13  and  16  (MTA)  are  relatively  short  compared  with 
those  of  other  mammals  of  comparable  size.  For  the  same  reason  the 
cricoid  (CRI)  is  partially  telescoped  over  the  arytenoids  and  the  liga- 
mentous attachment  is  greatly  augmented,  so  that  the  arytenoids  are  not 
free  to  rotate  on  the  cricoid  as  in  terrestrial  mammals. 

In  the  angle  of  the  thyroid  cartilage  and  between  the  two  thryoarytenoid 
muscles  a  remarkable  system  of  bilaterally  symmetrical  air  chambers,  figs 
13  and  16  (CHM)  lined  by  mucous  membrane  and  mucoid  tissue,  completely 
fills  the  vocal  part  of  the  rima-glottidis ,  isolating  the  thyroarytenoid 
muscles  from  the  latter.  Thus  there  are  no  vocal  folds  nor  vocal  chords 
of  the  type  found  in  terrestrial  mammals.  These  pouches  end  in  blind 
diverticulae  posteriorly  but  continue  anteriorly  as  far  as  the  base  of 
the  epiglottis  (EPG)  where  they  break  into  a  symmetrical  arrangement  of 
high,  longitudinal  folds,  fig.  13  and  16  (FE)  formed  the  mucous  lining 
of  the  epiglottis.  The  base  of  the  epiglottis,  fig.  16  (EPG)  is  also 
curiously  modified,  taking  the  form  of  a  deep  trough,  the  lateral  walls 
of  which  reach  posteriorly  well  beyond  the  anterior  borders  of  the  ary- 
tenoid (CAR)  and  cuneiform  (CUC)  cartilages  and  enclosing  the  system  of 
epiglottis  folds,  described  above.  Because  of  this  arrangement,  the  ary- 
epi glottic  folds  (FAE)  are  deep,  extremely  narrow  and  supported  both 
mesially  and  laterally  by  stiff  cartilage.  More  distally,  in  the  upper 
portion  of  the  epiglottic  spout,  the  longitudinal  folds  become  gradually 
narrower  and  less  elevated,  until  only  the  medial  fold  remains.  The 
greater  part  of  the  epiglottic  trough  in  this  region  is  filled  by  thick, 
hyaline  cartilage.  In  the  Ziphiioid  whales,  the  medial  fold  is  also 
replaced  by  cartilage.  Anteriorly  to  the  cricoid,  the  fused  arytenoid 
and  cuneiform  cartilages,  which,  with  the  interarytenoideus  muscle,  form 
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the  posterior  boundaries  of  the  epiglottic  spout,  become  more  and  more 
approximated  to  each  other  and  to  the  trough  of  the  epiglottis,  so  that 
the  anterior  part  of  the  rima-glottidis  tapers  gradually  until,  at  the 
distal  end  of  the  spout,  it  remains  only  as  a  minute  aperture.  Where  all 
three  cartilages  touch,  the  mucous  lining  is  perfectly  smooth,  so  that 
when  the  glottis  is  constricted,  no  interval  remains  between  them. 
If  the  epiglottic  spout  of  any  odontocete  larynx  is  cut  into  transverse 
sections  from  the  base  upwards,  the  morphological  arrangement  of  the 
epiglottic  folds,  described  above,  can  be  seen  clearly,  fig.  16.  In  the 
region  of  the  air  chambers,  the  medial  fold  is  but  slightly  elevated,  so 
that  the  interval  between  the  anterior  borders  of  the  arytenoid  cartilages 
is  fairly  wide.  At  the  level  of  the  base  of  the  epiglottis,  the  medial 
fold  is  very  high  and  completely  fills  the  arytenoid  interval.  At  this 
point  it  is  also  flanked  by  two  less  prominent,  tapering  folds,  (the 
vocal  folds  of  MURIE)  and  a  number  of  shallower  folds.  As  the  medial  fold 
is  traced  up  the  epiglottic  spout  it  is  found  to  follow  the  contours  of 
the  anterior  borders  of  the  cuneiform  cartilages  (CUC)  exactly,  filling 
the  interval  between  them. 

By  the  whole  arrangement  described  above,  the  upper  part  of  the  rima- 
glottidis  can,  when  the  glottis  is  constricted,  be  divided  into  three 
narrow  channels,  one  lying  between  the  cuneiform  cartilages  and  the  other 
two,  bounded  by  the  epiglottis,  cuneiform  cartilages  and  aryepiglottic 
folds.  At  the  very  apex  of  the  epiglottic  spout  the  cuneiform  cartilages 
taper  abruptly  and  become  embedded  in  two  rounded  bosses  of  yellow  elastic 
tissue.  The  epiglottic  cartilage  widens  laterally  into  a  flange,  figs. 
14,  15  and  16,  which  curls  posteriorly  and  dorsally,  partially  embracing 
the  cuneiforms,  to  which  it  is  joined  by  the  lateral  aryepiglottic  folds 
(FAE) . 

Notwithstanding  the  extreme  complexity  of  the  air  sac  system,  and  its 
associated  epiglottic  folds  and  cartilages,  the  whole  assembly  is  re- 
markable for  its  bilateral  symmetry,  so  that  when  the  epiglottis  is  con- 
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stricted  and  air  blown  through  the  trachea,  the  larynx  expands  in  a 
perfectly  symmetrical  manner.  Owing  to  the  thin,  membranous  nature  of 
the  folds  and  the  posterior  operculation  of  the  pouches,  a  system  of 
anteriorly  directed  valves  operates  to  drive  the  contained  air  forward 
up  the  glottis  when  the  larynx  is  constricted  by  manual,  pressure. 

THE  STRUCTURE  OF  THE  NASO-PHARYNX 

As  previously  stated,  the  tip  of  the  epiglottic  spout  is  inserted  into 
the  posterior  nares .  At  this  point  it  is  embraced  by  the  palatopharyngeal 
sphincter  and  the  arcus  palatinus,  figs.  14,  15  and  17  (MPP,   I).  Owing 
to  the  sharp,  horizontal  flexure  of  the  respiratory  tract  (TRA)  and  the 
intranarial  situation  of  the  epiglottic  spout,  the  pharynx  and  oesophagus 
(OE)  are  orientated  posterodorsally  from  the  oral  cavity,  so  that  nearly 
the  whole  of  the  arcus  palatinus  surrounds  the  posterior  nares,  and  lies 
within  the  mesial  borders  of  the  palatopharyngeal  sphincter.  In  this 
position,  it  is  difficult  to  separate  the  two  sets  of  muscles,  and  in 
dissection  it  is  necessary  to  trace  them  from  their  points  of  origin.  The 
arcus  palatinus  commences  as  two  sets  of  muscles  high  in  the  posterior 
nares,  fig.  17,  the  partes  interna,  (MPP,  I)  of  the  palatopharyngeus  being 
by  far  the  most  massive  in  each  set.  They  originate  on  the  posterior  aspect 
of  the  palatine  bone,  and  the  upper  surface  on  the  palatine  aponeurosis 
(PA).  Passing  postero-ventrally  on  each  side  of  the  vomer,  they  are  in 
relation  to  the  nares  (PN)  posterially  and  to  the  pterygoid  bones  and 
their  air  spaces,  (PTS) ,  anteriorly,  laterally  and  ventrally.  Below  the 
nares,  the  fibres  of  each  muscle  decussate  both  dorsally  and  ventrally 
and  surround  the  epiglottic  spout,  forming  a  deep  semi-circular  recess 
(SRC)  into  which  is  inserted  the  lips  of  the  epiglottis  and  lateral 
aryepiglottic  folds.  The  partes  externa,  see  FRASER  and  PURVES  (loc. cit^ 
of  the  palatopharyngeus  originate  more  ventrally  on  the  palatine  aponeurosi: 
and  descend  in  company  with  the  partes  interna.  Below  the  nares  they  also 
decussate  dorsally  and  ventrally  and  with  the  superior  constrictor  (MSC) 
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Fig.  17  :  Sagittal  section  of  the  head  of  a  Common 
dolphin  Delphinus  delphis  with  palato- 
pharyngeal muscle  mass. 


CHM" 


Fig.  18  :  Schematic  drawing  of  skull  and  larynx  of  an 
Odontocete  cetacean  showing  probable  distri- 
bution of  sound  energy. 

White  areas  =  bone  black  areas  =  air  spaces. 
White  dotted  lines  =  air  pathways. 
Black  dotted  lines  and  arrows  =  sound  pathways, 
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form  part  of  the  dorsal  and  external  rim  of  the  palatopharyngeal  sphincter. 

It  is  obvious  that  the  partes  interna  of  the  palatopharyngeus  referred 
to  above,  corresponds  to  the  pterygopharyngeus  of  LAWRENCE  and  SCHEVILL 
(loc.cit.)  and  that  the  partes  externa  corresponds  to  their  palatopharyngeus 
If  these  names  are  to  be  assigned  to  the  separate  parts  of  the  palato- 
pharyngeus, I  prefer  to  reverse  the  order  and  refer  to  the  partes  interna 
as  the  palatopharyngeus  since  it  clearly  originates  on  the  palatine  bones. 
The  partes  externa  on  the  other  hand  originates  on  the  posterodorsal  aspect 
of  the  pneumatized  pterygoid  bones  and  is,  therefore,  more  properly  called 
the  pteryopharyngeus .  From  the  functional  point  of  view  this  distinction  is 
important,  since  the  acoustic  coupling  of  the  palatopharyngeus  with  the 
bony  rostrum  is  very  good,  whereas  that  of  the  pterygopharyngeus  is  poor 
because  of  its  contiguity  with  the  pterygoid  air  spaces.  As  LAWRENCE  and 
SCHEVILL  point  out,  the  partes  interna  forms  the  strong  sphincter  round 
the  tip  of  the  "arytenoepiglottid  cartilages".  The  partes  externa  is 
continuous  with  the"pars  thyropalatinus"  which  inserts  between  the  thyroid 
and  the  epiglottid  cartilages.  It  follows,  therefore,  that  the  acoustic 
coupling  between  the  tip  of  the  epiglottic  spout  and  the  bones  of  the 
rostrum  will  be  good  whilst  that  between  the  thyroid  cartilages  and  the 
rostrum  will  be  poor.  This  phenomenon  can  be  demonstrated  experimentally 
and  it  implies  that  noises  produced  in  the  lower  part  of  the  larynx  are 
not  transmitted  to  the  bones  of  the  skull,  perhaps  for  good  reason. 
The  anterior  portion  of  the  outer  sheath  of  the  palatopharyngeal  sphincter 
is  largely  non-muscular  and  consists  of  a  strong  fibrous  band,  which  is 
continuous  with  the  palatine  aponeurosis  along  the  whole  posterior  border 
of  the  pterygoid  hamulae.  It  sweeps  backward,  lateral  to  the  levator 
palati  to  blend  with  the  inner  surface  of  the  superior  constrictor  muscle 
fig.  17  (MSC)  near  its  upper  border.  The  mucous  lining  of  the  posterior 
nares ,  which  covers  the  whole  system  of  muscles,  is  marked  by  a  regular 
arrangement  of  mucous  ducts,  fig.  14  (MD)  whose  apertures  are  directed 
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post erovent rally  towards  the  palatopharyngeal  sphincter.  It  is  important 
to  note  that  beyond  the  level  of  the  sphincter  the  two  sets  of  intra- 
nasal muscles  diverge  in  a  symmetrical  manner,  and  are  almost  wholly 
enveloped  in  air  spaces.  For  details  of  the  distribution  of  these  air 
spaces,  reference  should  be  made  to  FRASER  and  PURVES  (1960)  but  a 
general  statement  can  be  made  here. 

The  main  reason  for  the  intra-narial  position  of  the  palatopharyngeal 
muscle  mass  is  that  there  is  no  soft  palate  in  odontocete  cetaceans.  The 
pterygoid  hamulae  are  greatly  enlarged,  being  extended  posteriorly  and 
anteriorly,  and  inflated  by  pneumatic  extensions  of  the  middle  ear  cavity 
(PTS) .  Their  mesial  borders  meet  along  the  mid-line,  splitting  the  palatine 
aponeurosis  into  dorsal  and  ventral  sheets,  fig.  17  (PA),  separated  by  air 
cavities.  The  extensions  of  the  middle  ear  cavity,  fig.  18  (PBS)  also 
isolate  the  ear  bones  (TB)  from  the  skull  and  cut  deeply  into  all  three 
sphenoidal  regions,  so  that  the  air  system  on  each  side  of  the  skull 
is  separated  from  the  other  only  by  a  narrow,  but  rigid,  strip  of  bone 
along  the  ventral  axis  of  the  cranium. 

The  palatopharyngeal  muscles  are  in  relation  to  these  air  sac  systems  on 
their  ventral  and  lateral  aspects,  and  to  the  nasal  passages  on  their 
posterior  and  dorsal  aspects,  along  nearly  their  entire  lengths.  It  is 
only  along  the  central  axis  dorsally  and  at  the  origins  of  the  posterior 
surfaces  of  palatine  bones  that  there  is  no  contiguous  air  space.  To 
complete  the  general  description  of  the  nasopharynx,  it  must  be  stated, 
that  as  with  the  larynx,  this  part  of  the  respiratory  tract  is  perfectly 
bilaterally • symmetrical  and  in  marked  contrast  with  the  upper  narial  region, 
which  in  the  odontocete  is  noted  for  its  asymmetry.  Even  in  the  Sperm  whale 
Physeter  catodon,  in  which  one  of  the  upper  nares  is  from  five  to  seven 
times  greater  in  diameter  than  the  other,  there  is  not  the  least  trace  of 
asymmetry  in  the  posterior  narial  region. 
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THE  ARCHITECTURE  OF  THE  SKULL 

Although  it  is  appreciated  that  the  minute  architecture  of  the  skull  is 
mainly  related  to  the  manner  of  growth  of  the  component  bones,  it  is 
believed  by  the  author  that  it  also  has  an  important  influence  on  the 
distribution  of  sound  waves  emanating  from  the  larynx,  so  a  brief  description 
is  required  here. 

If  the  ventral  surface  of  the  skull  of  any  odontocete  is  examined  closely, 
fig.  18,  it  will  be  seen  that  from  the  arcuate,  anterior  borders  of  the 
palatine  bones  (PAL)  the  trabeculae  spread  fan-wise  on  the  ventral  surface 
of  the  rostrum  and  the  orbital  processes  of  the  frontal  bones.  A  great 
number  of  the  trabeculae  on  each  side  converge  on  the  central  axis  of  the 
rostrum  and  would  ultimately  meet,  were  it  not  for  the  intrusion  of  the 
intermaxillary  suture  and  vomer.  The  trabeculae  of  the  vomer  (V)  itself 
are  all  very  nearly  parallel  with  the  long  axis  of  the  rostrum.  Examination 
of  the  disarticulated  bones  of  a  young  specimen  shows  that  the  corrugations 
on  the  f rontomaxillary  suture  also  diverge  from  the  palatine  region.  In 
other  regions  of  the  skull,  particularly  those  which  are  contiguous  with 
air  spaces,  the  matrix  of  the  bone  appears  to  be  more  compact  and  the 
trabeculae  less  uniformly  orientated.  It  is  interesting  to  note  too,  that 
the  axes  of  the  foramina,  distributing  nerves  and  blood  vessels  to  the 
dorsal  surface  of  the  rostrum,  all-  diverge  from  the  palatine  region  in 
general  conformity  with  the  orientation  of  the  trabeculae. 
The  internarial,  posterior  aspects  of  the  palatine  bones,  fig.  18  (PAL) 
to  which  the  two  sets  of  palatopharyngeal  muscles  (MPP)  are  attached, 
are  concave  anteroposteriorly  and  elongated  in  a  ventrodorsal  direction. 
Their  ventral  extremities  are  separated  in  the  Common  Porpoise  by 
approximately  2  cms,  but  diverge  dorsally ,  so  that  their  upper  extremities 
are  separated  by  about  5  cms. 

This  general  form  and  orientation  of  the  palatine  bones  is  common  to  all 
odontocetes,  but  the  lateral  separation  of  the  bones  varies  throughout  the 
order. 
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THE  FUNCTION  OF  THE  LARYNX 

In  considering  the  function  of  the  cetacean  larynx,  it  is  necessary  to 
take  into  account  the  fundamental  difference  between  the  mode  of  pro- 
pagation of  sound  in  air  and  water.  These  differences  in  the  physical 
properties  of  sound  propagation  in  the  two  media  were  seen  to  have  been 
of  great  importance  in  the  interpretation  of  the  modification  of  structures 
in  the  middle  ear,  see  FRASER  and  PURVES  (loc.cit.)  and  it  is  not  sur- 
prising that  they  are  also  relevant  to  the  understanding  of  modifications 
in  the  larynx. 

In  all  terrestrial  mammals,  phonation  involves  the  vibration  of  one  or 
more  of  a  variety  of  structures,  such  as  vocal  folds,  vocal  cords,  thyro- 
arytenoid folds,  thyroary epiglottic  folds,  etc.,  which  in  some  cases 
operate  in  conjunction  with  resonant  cavities  in  the  mouth  and  nasal 
cavities,  NEGUS  (1949).  In  every  case,  air  disturbances  set  up  in  the 
vicinity  of  these  structures  are  propagated  directly  to  the  ear  of  the 
hearer  through  the  air  in  the  atmosphere.  Thus  there  is  no  discontinuity 
of  medium  between  transmitter  and  receiver,  and  consequently  no  loss  of 
energy,  except  that  which  accrues  from  attenuation.  In  the  cetacean,  air 
disturbances  of  a  similar  nature  would  have  to  be  transmitted  through 
solid  tissues  and  the  surrounding  sea  water  before  reaching  the  ear  of 
another  cetacean.  It  is  well  known  that  where  a  gas-liquid  interface  is 
infinite  or  semi-infinite  in  area  with  respect  to  the  wavelength  of  an 
emitted  vibration,  there  is  over  99  %  reflection  of  energy  at  the  inter- 
face, whether  the  vibration  is  initiated  in  the  gaseous  or  in  the  liquid 
medium.  This  is  perhaps  the  main  reason  why  I  believe  that  air  vibrations 
in  the  larynx  and  nasal  passages  of  cetaceans  are     relatively  un- 
important, and  that  phonation  does  not  take  place  by  the  operation  of  any 
structure  involving  simple  harmonic  motion.  The  general  principle  seems 
to  involve  the  mechanical  vibrations  of  the  relatively  heavy  structures 
of  the  glottis  which  are  transmitted  to  the  pharyngeal  muscles  and  thence 
to  the  bones  of  the  rostrum,  and  finally  to  the  sea  water  without  change 
of  medium.  Other  reasons  are  concerned  with  the  recorded  frequences  and 
qualities  of  sounds  emitted  from  living  cetaceans  and  of  sound  produced 
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artificially  in  larynges  in  the  laboratory. 

It  is  generally  agreed  that  in  Man,  the  higher  pitch  of  the  voice  in 
females  is  associated  with  the  shorter  vocal  cords.  In  the  small,  head 
register  of  the  soprano,  the  notes  are  produced  by  vibrations  of  only 
the  inner  margins  of  the  cords,  and  the  vocal  chink  being  reduced  to  a 
small  anterior  aperture,  which  becomes  smaller  as  the  pitch  rises. 
McKENDRICK,  according  to  BURNS  (1921),  has  shown  that  the  limits  of 
performance  of  the  human  voice  range  from  FL  (85  Hz)  in  the  base  to 
G4  (768  Hz)  in  the  soprano.  The  larynx  of  the  Bottle-nosed  dolphin, 
Tursiops  truncatus  is  about  five  times  the  size  of  that  of  Man,  and  yet 
the  frequencies  of  the  vibrations  emitted  by  these  animals  lie  between 
the  ranges  of  5  Hz  to  170  kHz,  KELLOGG  (1953). 

The  noises  emitted  by  toothed  cetaceans  have  been  variously  described  as 
being  like  "the  sound  of  musical  glasses  when  badly  played",  "a  rusty 
hinge",  "creaking  gate",  "pneumatic  hammer",  whistling,  chirping,  clicking, 
etc.,  KELLOGG,  (loc  .cit.)  states  "one  is  similarly  reminded  of  the  Bronx 
cheer  made  by  blowing  air  through  tightly  pressed  human  lips".  All  these 
noises  belong  to  a  particular  class  of  vibration,  which  VAN  DER  POL(1926) 
described  as  "relaxation  oscillations".  In  all  these  exemples ,  the  frequency 
is  not  dependant  on  the  customary  ratio  of  elasticity  and  mass,  as  is  the 
case  with  vibrating  reeds  and  vocal  cords,   but  is  controlled  by  some  form 
of  resistance,  which,  on  reaching  a  certain  critical  value,  suddenly 
relaxes,  builds  up  again  and  so  on.  From  mathematical  considerations  and 
analogous  electrical  circuits,  VAN  DER  POL  (loc. cit.)  has  deduced  that  the 
periodic  time  of  a  relaxation  oscillation  is  typified  by  theequation: 

T  rel  =  1.61  - 
s 

The  fundamental  period  of  the  vibration  is,  apart  from  the  numerical 

constant,  defined  by  a  quantity  involving  resistance  (r)  and  elastic 

forces  (s)  only.  Summarizing  the  properties  of  relaxation  oscillations, 

VAN  DER  POL  states: 
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(a)  their  time  period  is  determined  by  a  time  constant  or  relaxation 
time ; 

(b)  their  wave  form  deviates  considerably  from  the  sinusoidal  curve,  and, 
as  very  steep  parts  occur,  many  higher  harmonics  of  great  amplitude 
are  present ; 

(c)  a  small  impressed  periodic  force  can  easily  force  the  relaxation 
system  into  step  with  it  (automatic  synchronisation,  even  on  sub- 
harmonics)  while  under  these  circumstances; 

(d)  their  amplitude  is  hardly  influenced  at  all". 

It  is  proposed  to  show  that  all  these  properties  are  relevant  to  the 
production  of  directional  beams  of  sound  initiated  in  the  larynx  of  toothed 
cetaceans. 

In  terrestrial  mammals  the  arytenoid  cartilages  are  normally  approximated 
during  phonation  by  rotating  mesially  on  the  cricoid  cartilages.  The  rima 
glottidis  is  then  further  constricted  by  controlled  contraction  of  the 
thyroarytenois  muscles  (NEGUS  1949).  In  Man,  this  involves  partial 
approximation  of  the  vocal  cords  or  thy ro- arytenoid  folds  and  it  was  once 
thought  that  when  air  was  passed  through  the  chords  they  would  vibrate 
harmonically  at  a  pitch  determined  by  the  degree  of  contraction  of  the 
muscles. 

In  a  remarkable  series  of  experiments,  HUSSON  (1962,  1963)  demonstrated 
that  the  action  of  a  single  vibration  of  the  vocal  chords  could  be  divided 
into  three  well-defined  phases.  An  opening  and  a  closing  phase  followed 
by  a  resting  phase  during  which  the  current  of  air  was  stopped.  During 
the  closing  phase  which  can  last  for  less  than  0.005  sec,  the  air  current 
receives  a  shock  wave  which  raises  its  velocity  to  several  hundreds  of 
metres  per  second  -  frequently  to  above  the  speed  of  sound. 
The  sound  produced  at  the  level  of  the  glottis  is  not  a  simple  harmonic 
vibration  but  a  discontinuous  series  of  pressure  waves  charged  with 
harmonic  components  up  to  ten  times  the  fundamental  frequency  of  vibration 
f  the  chords. 
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That  the  discontinuity  phenomenon  occurs  during  normal  phonation  required 
experimental  proof  but  it  may  have  been  inferred  from  the  fact  that  most 
humans  can  reduce  a  musical  tone  in  the  larynx  to  a  train  of  intermittent 
clicks  as  few  as  ten  or  less  per  second  by  strongly  constricting  the  vocal 
chords  and  allowing  the  air  to  escape  very  slowly.  During  this  type  of 
phonation  the  breath  is  practically  held.  HUSSON  has  shown  that  although 

the  volume  of  air  expelled  during  each  excursion  of  the  vocal  chords  amounts 

2 
to  no  more  than  1  to  2  cm   the  kinetic  energy  produced  is  very  considerable. 

He  gives  the  energy  released  per  unit  time  as 

e  =  |  dm  V2  =  |  pPSV3  dt 

where  dm  is  the  mass  expelled,  p  its  volume  density,  P  the  pressure,  S  the 

surface  of  the  glottic  opening  at  the  instant  under  consideration  and  V  is 

the  velocity  of  the  air  at  the  same  instant.  If  V  attains  a  figure  of 

3 
200  m/s  as  for  instance,  in  the  singing  voice,  V  will  be  in  the  order  of 

1012  G.C.S.  units.  HUSSON  (1963)  has  calculated  that  in  the  bat,  in  which 

the  increment  of  air  is  only  a  few  cubic  millimetres  but  of  which  the 

velocity  is  a  little  less  than  330  m/sec  the  energy  is  approximately  109 

G.C.S.  units. 

According  to  HUSSON  most  of  the  energy  of  the  high-frequency  components 

of  the  voice  is  absorbed  by  the  walls  of  the  supra-glottal  air  cavities  by 

the  formation  of  eddy  currents  and  is  used  in  impedance  matching  and  other 

homeostatic  functions.  From  the  observed  phenomena,  HUSSON  defines  the 

role  of  the  larynx  during  phonation  as  that  of  injecting  large  amounts  of 

energy  into  the  supra-glottal  cavities.  It  will  be  seen  that  in  principle 

the  vibrations  of  vocal  chords  are  very  similar  to  the  relaxation  oscillations 

described  by  VAN  DER  POL. 

In  the  toothed  cetacean,  full  approximation  of  the  arytenoids  at  the  level 

of  the  thyro-arytenoid  muscle  is  made  impossible,  partly  because  of  the 

extensive  attachment  of  these  cartilages  to  the  lateral  wings  of  the 

cricoid,  and  partly  because  of  their  fusion  to  the  cuneiforms  which  always 
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become  approximated  in  advance  of  the  arytenoids,  thus  preventing  full 
approximation  of  the  latter.  Contraction  of  the  thyro- arytenoid  muscle, 
figs.  13  and  16  (MTA)  draws  the  fused  arytenoid  and  cuneiform  cartilages 
(CAR,  CUC)  into  the  epiglottic  trough  (EPG)  and  intrudes  the  median  epiglottic 
fold  (EF)  into  the  inter-arytenoid  space.  The  anterior  borders  of  the 
arytenoids  then  being  locked  in  the  epiglottic  trough  are  prevented  from 
moving  laterally  and  contraction  of  the  inter-arytenoideus  muscle  (MIA) 
brings  about  constriction  of  the  rima  glottidis.  In  this  condition  the 
whole  epiglottis  spout  becomes  divided  into  three  narrow  channels  and  below 
the  level  of  base  of  the  epiglottis,  the  laryngeal  air  sacs  (CHM)  become 
strongly  compressed  by  the  thyro- arytenoid  muscles. 

The  whole  action  described  above  can  be  stimulated  on  the  resected  larynx 
of  a  dolphin  by  tightly  encircling  the  epiglottic  spout  with  the  thumb  and 
forefinger  and  by  pressing  together  with  the  other  hand,  the  arytenoid  and 
thyroid  cartilages.  If  air  is  then  blown  through  the  trache'a  the  thyroid 
part  of  the  larynx  will  expand  to  approximately  twice  its  resting  diameter 
due  to  inflation  of  the  laryngeal  air  sacs,  the  wings  of  the  thyroid  cartilage 
being  simultaneously  pressed  apart.  If  prevented  from  doing  so  by  manual 
compression,  the  air  escapes  at  the  distal  end  of  the  spout  in  the  form  of 
three  narrow  jets.  The  median  jet,  being  flanked  by  the  stiff,  cuneiform 
cartilages  produces  a  high  pitched  whistle,  whilst  the  two  lateral  jets, 
being  surrounded  by  the  more  flaccid  aryepiglottic  folds,  produce  trains 
or  bursts  of  staccato  clicks.  Both  types  of  sound  are  composed  of  series 
of  relaxations  oscillations. 

In  principle,  the  mechanism  of  sound  production  is  similar  to  that  des- 
cribed by  HUSSON  for  the  vocal  chords  of  Man  except  that  the  aryepiglottic 
folds  are  called  into  play  instead  of  the  thyro-arytenoid  folds.  This 
substitution,  together  with  the  involvement  of  accessory  laryngeal  air 
sacs  is  fairly  common  in  terrestrial  mammals  (NEGUS,  1949).  The  main 
difference,  of  supreme  importance,  is  the  formation  of  a  triple  sound 
source  due  to  the  presence,  unique  among  mammals,  of  a  dividing  septum  in 
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the  larynx. 

When  the  epiglottic  spout  is  opened  by  contraction  of  the  cricoarytenoid 
and  cricothyroid  muscles,  the  anterior  borders  of  the  arytenoid  and  cunei- 
form cartilages  are  pulled  out  of  the  epiglottic  trough  and  are  thus  free 
to  separate.  In  these  circumstances,  contraction  of  the  interarytenoid 
muscle  pulls  the  anterior  borders  of  the  arytenoids  and  cuneiforms  apart, 
the  rima  glottidis  widens,  and  the  whole  epiglottic  spout  assumes  a 
cylindrical  shape  of  considerable  diameter.  This  would  be  the  normal 
condition  during  respiration,  but  an  indefinite  series  of  intermediate 
conditions  could  be  assumed  for  the  recirculation  of  air  during  phonation. 
It  should  be  noted  that  if  air  is  blown  through  the  larynx  without  strong 
constriction  of  the  epiglottic  spout  the  organ  tends  to  assume  the  cylindrical 
shape  and  no  sound  other  than  a  hissing  noise  is  produced.  In  the  experiments 
described  by  EVANS  and  PRESCOTT  (1962)  there  was  no  provision  for 
laryngeal  constriction  and  it  must  be  concluded  that  such  sound  as  was 
produced  and  measured  must  have  been  generated  by  the  passage  of  air  through 
the  upper  nasal  plugs  and  valves  so  there  is  little  wonder  that  the  intensity 
field  was  asymmetrical. 

During  submergence,  the  blow-hole  is  closed,  the  thorax  is  collapsed  and 
the  bronchiolar  sphincter  muscles  are  presumably  closed.  In  such  conditions 
there  would  be  positive  pressure  in  the  respiratory  passages,  and  the  laryngeal 
air  sacs  would  be  expanded  within  the  walls  of  the  thyroid  cartilage. 
Contraction  of  the  thyro- arytenoid  muscles,  figs.  13  and  16  (MTA)   would  act 
in  compressing  the  air  sacs  on  each  side  of  the  median  fold  and  causing 
jets  of  air  to  be  ejected  from  each  aryepiglottic  fold.  If  the  inter- 
arytenoideus  muscle  were  contracted  whilst  the  thyro-arytenoid  muscles 
were  also  contracted,  constriction  of  the  rima-glottidis  would  occur  and  a 
single  jet  of  air  would  be  ejected  from  the  median  aperture  of  the  epiglottic 
spout . 
Through  the  mechanisms  described  above  it  would  appear  that  there  are 
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arrangements  for  the  production  of  either  a  double  or  a  single  jet  of  air. 
It  may  also  occur  that  in  some  circumstances,  a  triple  jet  of  air  is 
produced.  That  these  jets  of  air  probably  escape  in  the  form  of  relaxation 
oscillations  will  be  seen  in  considering  the  action  of  the  nasopharynx. 

THE  FUNCTION  OF  THE  NASOPHARYNX 


Since  the  upper  portion  of  the  epiglottic  spout  is  devoid  of  muscle,  it  is 
considered  that  constriction  of  the  apex  of  the  glottis  takes  place  through 
the  agency  of  the  palatopharyngeal  sphincter  and  the  arcus  palatinus.  In 
view  of  the  known  mechanism  for  laryngeal  constriction  of  Man,  it  would  appear 
that  some  entirely  new  structure  is  being  invoked  for  a  part  of  this  function 
in  cetaceans.  However,  Man  is  the  only  mammal  which  does  not  possess  a  larynx 
which  is  normally  intra-narial.  During  loud  phonation  in  most  mammals,  the 
neck  is  stretched  and  the  glottis  disengaged  from  the  posterior  nares  but 
in  nearly  all,  there  is  a  quieter  (generally  higher  pitched)  intra-narial 
phonation,  during  which  this  does  not  occur,  the  mouth  is  closed  and  the 
sound  is  emitted  through  the  nostrils  as  for  instance,  in  the  nasal  whining 
of  the  dog.  The  role  of  the  arcus  palatinus  during  this  type  of  phonation 
seems  to  be  quite  unknown,  but  the  mere  tonus  of  the  muscles  must,  to  some 
degree,  modify  the  operation  of  the  intrinsic  muscles  of  the  larynx.  For 
reasons  concerned  with  monitoring  already  referred  to  in  the  text,  it  is 
believed  that  during  submergence,  phonation  in  cetaceans  is  entirely  intra- 
narial.  By  strong  constriction  of  the  apex  of  the  glottis  by  the  palato- 
pharyngeal sphincter  and  arcus  palatinus,  powerful  resistance  would  be  built 
up  against  the  jets  of  air  described  in  the  last  section  until  the  air 
escaped  as  trains  of  relaxation  oscillations.  It  is  obvious  that  the  re- 
currence frequency  of  such  oscillations  could  be  controlled  over  a  wide 
range  to  produce  high  pitched,  apparently  pure  tones,  squawks,  or  staccato 
clicks.  In  every  case  the  total  wave  form  would  not  be  sinusoidal,  but  very 
steep  sided  and  the  pulses  would  contain  many  harmonics  of  high  intensity 
and  frequency . 
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Tones  produced  when  a  stream  of  gas  emerges  from  a  jet  are  analogous  to 
aeolian  tones  of  which  there  are  numerous  examples  such  as  the  "singing" 
of  telegraph  wires,  the  "sighing"  and  "roaring"  of  wind  in  trees,  the 
"whistling"  of  wind  in  tall  grass,  etc.,  air  emerging  from  a  slit-jet  tends 
to  form  alternately  spaced  vortices  on  each  side  of  the  air  stream  as  is  the 
case  when  wind  passes  a  narrow  obstacle.  A  photograph  (by  the  Schlieren 
method)  of  a  high-velocity  jet  of  air  from  a  circular  opening  is  shown  in 
fig.  19  where  it  is  clearly  seen  that  the  emergent  jet  is  divided  into 
sections  of  nearly  equal  length.  KRUGER  and  SCHMIDTKE  (1919)  have  shown  that 
the  frequency  of  the  tones  given  out  by  air  or  other  gases  issuing  from  a 
small,  circular  jet  conforms  with  the  relation  N=  kv/D  where  v  is  the  velocity 
of  the  jet,  D  is  the  diameter  of  the  opening,  and  k  is  a  constant  equal  to 
0.045  approximately  for  various  mixtures  of  air,  C02  and  oxygen.  Thus  if, 
during  each  relaxation  oscillation,  the  slits  or  jets  at  the  apex  of  the 
epiglottic  spout  vary  in  diameter  between  1.0  and  0.1  mm  as  seems  probable 
from  observation  of  resected  larynges,  and  the  velocity  of  the  jets  reaches 
0.333  x  105  cm/sec,  i.e.  slightly  above  the  speed  of  sound  (HUSSON  loc.citl, 
each  pulse  will  contain  frequencies  between  15  and  150  kHz.  This  calculation 
is  in  good  agreement  with  the  frequency  analyses  of  the  echolocating  pulse 
of  Tursiops  made  by  KELLOGG  (1961).  With  greater  jet  diameters  and  greater 
jet  velocities  the  frequency  spectrum  will  exceed  these  limits.  Such 
frequency  spectra  are  commonly  referred  to  as  "white  noise"  but  the  wave 
form  of  a  fraction  of  a  pulse  may  be  revealed  by  the  oscilloscope  as 
shown  in  fig.  8. 

If  air- jet  pulses  fall  on  the  open  mouth  of  a  cylindrical  pipe  "oscillator", 
resonance  is  set  up  at  the  correct  distance  and  the  pipe  emits  powerful 
ultrasonic  vibrations  as  high  as  100,000  p.p.s.  Even  at  the  highest 
frequencies  the  relation  A/4   =  1  +  0.6  R  is  valid  for  a  closed  pipe  where 
1  is  the  length  of  the  pipe  and  R  its  radius.  Since  the  only  closed  pipes 
in  the  vicinity  of  the  glottis  of  a  cetacean  are  those  provided  by  the 
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Fig.  19  :  Schlieren  photograph  showing  structure  of  jet 
of  Hartmann  and  Troles '  Air- Jet  Generator 
(By  courtesy  of  G.  Bell  and  Sons). 
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20  :  Vortex  streets  formed  by  a  jet  of 
air  striking  a  sharp-edged  wedge. 
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posterior  nares  of  which  the  values  1  and  R  are  relatively  very  large 
resonance  phenomena  could  only  occur  in  the  low  frequency  sonic,  range 
i.e.  at  about  1  kHz.  Such  resonant  cavities  would  be  quite  unsuitable  as 
sources  of  sound,  as  the  mechanical  coupling  between  the  air  contained  in 
the  nares  and  the  animal  tissues  it  would  be  very  weak.  In  considering  the 
use  of  resonators  in  conjunction  with  maintained  sources  of  sound  it  is 
important  to  bear  in  mind  that  the  action  of  a  resonator  is  not  to  magnify 
the  sound  after  it  has  been  produced  by  the  source  but  to  enable  the  latter 
to  develop  a  greater  output . 

Edge-tones  arise  when  a  jet  of  air  strikes  a  more  or  less  sharp  edged 
wedge  (see  fig.  20).  A  tone  first  occurs  when  the  "edge"  is  at  certain 
minimum  distance  from  the  jet,  this  critical  distance  between  dependent  on 
the  velocity  of  the  gas  issuing  from  the  jet.  BROWN  (1937)  found  four 
different  stages  of  stable  vortex  formation  within  the  sound  sensitive 
range  of  a  jet.  In  this  range  the  frequency  N  varied  with  h,  the  distance 
of  the  wedge  (20°)  and  the  mean  velocity  u,in  accordance  with  the  relation 
N  =  0.466  c  (u-40)  (l/h-0.07)  where  c  =  1,  2-3,  3-8  and  5-4  for  the  four 
stages  respectively. 

It  is  tempting  to  think  of  the  ventral  surface  of  the  vomer  of  cetaceans 
as  constituting  an  "edge"  in  the  path  of  a  jet  of  air  issuing  from  the 
apex  of  the  glottis  but  its  ventral  surface  is  not  particularly  sharp  and 
the  mean  values  of  u  and  h  in  the  above  equation  are  such  as  to  produce 
frequencies  only  in  the  sonic  range  1-10  kHz.  Here  again  the  mechanical 
coupling  between  the  edge-tone  vibrations  and  the  sea  water  would  be  very 
weak. 

If  the  sound  source  for  echolocation  in  the  cetaceans  is  produced  by  high- 
velocity  air  jets  at  the  apex  of  the  glottis  as  postulated,  how  then,  are 
these  vibrations  transmitted  to  the  bones  of  the  rostrum  and  thence  to  the 
sea  water  with  minimum  loss  of  energy? 

As  previously  stated,  the  ventral  and  lateral  aspects  of  the  aryepiglottic 
folds  at  the  apex  of  the  glottis  lie  in  a  deep  recess,  figs.  14,  17  (SRC) 
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in  the  palatopharyngeal  sphincter,  and  the  dorsal  surface  of  the  fused 
arytenoid  and  cuneiform  cartilages  make  contact  with  the  superior  constrictor 
muscle  (MSC)  which  is  attached  to  the  sphenoid  bone  at  the  base  of  the  skull. 
The  sphenoid  bone  is  fused  to  the  mesethmoid  and  vomer.  The  direction  of 
the  openings  of  the  mucous  ducts  (MD)  on  the  posterodorsal  aspects  of  the 
palatopharyngeus  muscles  is  such  that  if  the  palatopharyngeal  sphincter 
were  contracted,  the  recess  (SRC)  would  normally  be  full  of  mucous  and 
consequently  the  apex  of  the  glottis  would  be  acoustically  coupled  to  the 
surrounding  structures.  Any  vibration  of  the  cartilages  and  folds  would 
therefore  be  transmitted  to  these  structures  with  very  little  loss  of  energy. 

It  is  well  known  that  cavitation,  with  the  formation  of  gas  bubbles,  occurs 
when  solid  surfaces,  immersed  in  liquids,  vibrate  with  sufficiently  high 
velocity.  If  the  liquid  contains  dissolved  gas,  this  will  come  out  of 
solution  when  the  total  negative  pressure  at  the  vibrating  surface  in 
contact  with  the  liquid  falls  below  the  saturation  pressure  of  the  gas  in 
the  liquid.  Since  there  would  normally  be  a  great  deal  of  dissolved  gas 
in  the  mucous  coating  of  the  posterior  nares  after  surface  breathing, 
cavitation  at  the  palatopharyngeal  sphincter  would  be  almost  bound  to  occur. 
The  presence  of  gas  bubbles,  if  allowed  to  remain  at  the  sphincter,  would 
seriously  interfere  with  the  transmission  of  sound.  It  would,  therefore, 
appear  to  be  essential  that  some  mechanism  be  provided  for  the  elimination 
of  bubbles  at  this  point.  It  is  for  this  reason  that  I  believe  that  a 
copious  flow  of  degassed  mucous  is  poured  over  the  sphincter  from  the 
mucous  ducts  which  are  so  numerous  and  evenly  distributed.  It  may  be  that 
this  is  also  the  reason  for  the  heavy  mucous  lubrication  of  the  vocal 
structures  in  other  mammals. 

Since  the  pressure  on  the  laryngeal  air  sacs  could  be  presumed  to  be 
symmetrical  about  the  medial  septum,  the  two  trains  of  oscillations  from 
each  aryepiglottic  fold  would  be  identical  in  phase  and  frequency. 
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Decussation  of  the  muscles  of  the  palatopharyngeal  sphincter  on  each  side, 
with  those  of  the  other,  would  provide  for  the  phenomenon  of  synchronisation, 
described  in  VAN  DER  POL's  third  property  of  relaxation  oscillations.  The 
fourth  property  of  relaxation  oscillations  would  ensure  that  the  two  lateral 
trains  of  vibrations  were  equal  in  amplitude.  In  the  formula  T.rel  =  K  r/s 
the  value  r  can  be  regarded  as  being  equivalent  to  the  force  exerted  by  the 
palatopharyngeal  sphincter,  and  the  value  s,  equivalent  to  the  difference 
between  the  inherent  elasticity  of  the  cartilages  and  muscles,  and  that  of 
the  air  in  the  larynx.  Since  the  value  s  is  a  constant,  the  period  T.rel 
could  be  directly  controlled  by  regulation  of  the  palato-pharyngeal  sphincter. 
A  steady  pressure  could  be  maintained  on  each  side  of  the  larynx  by 
simultaneous  contraction  of  the  two  air  sac  systems,  through  the  operation 
of  the  thyroarytenoid  muscles. 

If  the  transmission  of  sound  energy  from  the  apex  of  the  glottis  (assuming 
the  latter  to  be  acoustically  coupled  to  the  surrounding  structures  in  the 
manner  described  above)  is  considered  in  conjunction  with  the  distribution 
of  air  spaces  it  is  not  difficult  to  see  why  the  maximum  energy  is  found 
along  the  central  axis  of  the  rostrum. 

As  they  ascend  the  posterior  nares ,  the  two  palatopharyngeal  muscle  masses 
are  enveloped  ventrally  and  laterally  by  extensions  of  the  pterygoid  air 
sinuses,  figs.  14,  17,  18  (PTS) ,  and  dorsally  by  the  lumen  of  the  nares 
themselves.  Any  sound  energy  imparted  to  the  two  muscles  by  the  two  sides 
of  the  apex  of  the  glottis  would  undergo  total  reflection  at  the  air  inter- 
face and  could  therefore  only  travel  anterodorsally  along  the  muscle  fibres 
towards  their  insertion  on  the  posterior  aspects  of  the  palatine  and  maxillary 
bone;fig.  18  (PAL,  MX).  Here  the  acoustic  coupling  must  be  very  nearly 
perfect  since  the   facial  extensions  of  the  muscle  fibres  and  sheath  enter 
the  matrix  of  the  bone  and  follow  the  anteroposterior  orientation  of  the 
trabeculae  in  the  form  of  long,  dendritic  processes.  The  excellence  of  this 
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coupling  can  be  demonstrated  by  the  use  of  acoustic  probes  in  the  manner 
described  by  FRASER  and  PURVES  (1960)  and  PURVES  and  VAN  UTRECHT  (1963) . 
The  sound  energy  of  the  larynx  is  thereby  distributed  to  the  bones  of  the 
rostrum  as  a  double  source. 

Assuming  the  thyro-arytenoid  muscles  to  remain  contracted,  a  single  jet 
of  air  could  be  induced  by  contraction  of  the  interarytenoid  muscle 
figs. 13  and  16  (MIA) „  Such  an  air  jet  would  escape  as  a  train  of  relaxation 
oscillations  through  the  minute  aperture  between  the  cuneiform  cartilages 
make  contact  with  the  roof  of  the  nasopharynx,  fig.  14,  vibrations  initiated 
in  the  cuneiforms  would  be  transmitted  to  the  base  of  the  skull  in  the 
interval  between  the  two  air-sac  systems,  fig.  18,  as  a  single  train  of 
relaxation  oscillations.  From  this  point  they  would  be  transmitted  to  the 
mesethmoid  and  vomer  as  a  single  source.  The  arrangement  described  above 
provides  for  either  a  double  or  a  single  source  or  both  simultaneously . 
One  of  the  most  important  theorems  applicable  to  sound  waves  is  HUYGHEN ' s 
Principle  of  Superposition.  On  this  principle  the  resultant  displacement 
of  a  particle  of  the  medium  through  which  two  or  more  trains  of  waves  are 
passing  is  obtained  by  the  vector  addition  of  the  separate  displacements 
due  to  each  wave-train  independently.  This  principle  is  also  applicable 
to  velocities  and  accelerations  but  not  to  the  squares  of  these  quantities. 
Thus,  two  periodic  vibrations  of  the  same  frequency,  of  amplitudes  a  and  b 
and  phase  difference  e,  combine  to  form  a  periodic  vibration  of  amplitude 
(a  +  b2  +  2ab  Cos  e)"2.  If  the  amplitudes  are  equal  (a  =  b)  and  the  phases 
are  the  same  e  =  o  superposition  gives  a  vibration  of  double  amplitude  2a; 
but  if  the  phases  are  opposed  e  =  180°  the  resultant  amplitude  is  zero.  In 
the  more  general  case,  the  amplitude  may  vary  between  (a  +  b)  and  (a  -  b) 
according  to  the  phase  difference  e.  Such  superposition  of  vibrations 
is  more  commonly  referred  to  as  interference.  In  the  cetacean,  the  bony 
rostrum  remains  divided  into  three  sections  throughout  life  since  the  two 
maxillary  bones  never  fuse  at  the  intermaxillary  suture  and  the  vomer, 
although  fused  at  its  proximal  end  to  the  base  of  the  skull,  lies  in  a 
channel  formed  by  the  mesial  borders  of  the  maxillary  bones  but  never  unites 
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with  them.  In  this  respect  the  Cetacea  are  unique  among  the  Mammalia. 
However,  as  there  is  no  air  cavity  separating  the  bones,  sound  can  be 
conducted  from  one  side  of  the  rostrum  to  the  other,  though  somewhat 
imperfectly,  due  to  the  lower  acoustic  impedance  of  the  cartilage  of 
the  vomer. 

If  as  postulated,  the  two  sides  of  the  base  of  the  rostrum  constitute 
a  double  source  of  identical  phase  and  frequency,  the  sound  intensity  in  the 
sagittal  plane  of  the  head  will  always  be  at  a  maximum,  since  all  the 
disturbances  from  the  various  elementary  areas  constituting  the  two  sound 
sources  will  arrive  at  this  plane  in  the  same  phase.  If  the  vomer  is  also 
conducting  sound,  the  effect  will  be  greatly  enhanced.  Outside  the  limits 
of  the  skull  the  two  sound  fields  overlap,  the  phenomenon  of  interference 
will  occur,  so  that  in  directions  inclined  to  the  sagittal  plane  the 
intensity  will  be  less,  diminishing  steadily  to  zero  when  the  difference 
in  distance  between  the  nearest  and  farthest  elements  of  the  double  source 
is  rather  more  than  half  a  wavelength.  In  a  direction  still  more  inclined 
the  sound  will  increase  again  to  an  intensity  0.017  of  that  on  the  sagittal 
plane,  passing  through  successive  zero  and  diminishing  maxima  values  as  the 
inclination  increases.  The  angle  Oat  which  the  first  silence  would  occur, 
i.e.  the  semi-angle  which  would  delimit  the  primary  beam  would  be  Sin 
(0.61 A/R.).  Thus  the  primary  or  central  beam  would  be  confined  to  an 
area  of  small  angle  when  the  value  R.,  of  the  maximum  distance  between  the 
sound  sources  was  large  compared  with  wavelength  A ,  of  the  sound  emitted,  i.e, 
the  directionality  would  be  sharp  when  the  frequency  was  high.  The  polar 
distribution  of  amplitude  and  intensity  after  STENZEL  (1927)  is  shown  in 
fig.  21.  The  interference  between  two  independent  trains  of  high-frequency 
waves  in  water  has  been  demonstrated  by  BOYLE  et  al  (1926).  They  mounted 
two  piezo-electric  quarts  transmitters  vibrating  with  the  same  frequency 
(96  kHz)and  amplitude  side  by  side  in  a  tank  of  water  in  such  a  way  that 
their  primary  beams  overlapped.  Fine  coke  dust  sprinkled  in  the  water 
settled  in  the  nodal  planes,  and  was  ultimately  caught  on  a  whitened 
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Fig.  21  :  Polar  diagrams  showing  variation  in  sound 

fields  at  various  frequencies  (after  Stenzel) 
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Fig.  22  (a)  Fig.  22  (b)  Fig.  22  (c) 

-  Supersonic  Beams  of  Sound  -  Showing  Primary  and  Secondaries 
(Dr.  R.W.  Boyle) 
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surface  below  the  sound  beam.  Fig.  22a  shows  how  the  distribution  of 
particles  resembles  the  orientation  of  the  trabeculae  of  the  bone  in  the 
rostrum  of  a  cetacean .  These  authors  have  made  visible  by  the  same  technique, 
the  high  frequency  beams  from  a  large  quartz  transmitter,  fig.  22b,  c.  Using 
a  transmitter  15.3  cm  diameter  at  a  frequency  of  135  kHz,  the  wave  length 
in  water  therefore  being  1.11  cm  they  found  that  the  semi-angle  6,  of  the 
primary  beam  was  approximately  5°,  which  agrees  with  the  theoretical  relation 
=  Sin   0„61  X/R  given  above. 

THE  FUNCTION  OF  THE  SKULL  AS  A  TRANSDUCER 

In  the  previous  section  it  was  shown,  from  anatomical  and  theoretical 
considerations  why  sound  generated  in  the  larynx  should  be  concentrated 
along  the  sagittal  plane  of  the  head.  Tables  I  to  IV  however,  show  that 
there  is  a  further  concentration  of  energy  at  the  anterior  extremity  of  the 
rostrum.  Table  IV  of  sound  intensity  measurement  taken  inside  the  mouth 
on  the  hard  palate  are  particularly  noteworthy  since  they  show  that  the 
component  bones  of  the  rostrum  tend  to  act  as  transducers  concentrating 
energy  in  the  anterior  direction.  Sound  levels  in  db .  taken  in  the  mid-line 
4  cm  anterior  to  the  first  tooth,  with  the  needle  penetrating  the  vomer  and 
its  cartilage,  are  rather  more  than  three  times  those  taken  at  the  same 
level  on  the  maxilla.  Both  sets  of  readings  increase  in  value  towards  the 
anterior  extremity  of  the  bone  and  then  show  a  sharp  drop  in  the  soft 
tissue  at  the  tip  of  the  snout.  This  final  drop  in  intensity  was  probably 
due  to  some  form  of  discontinuity  such  as  decomposition,  involving  the 
presence  of  gas  bubbles. 

From  the  level  of  the  first  tooth  to  the  anterior  extremity  of  the  rostrum 
there  is  an  increase  in  intensity  in  the  maxilla  of  21  db  and  in  the  vomer 
of  24  db.  This  concentration  anteriorly  is  mainly  due  to  the  general  shape 
of  the  bones  of  the  rostrum  but  is  probably  greatly  assisted  by  the 
orientation  of  the  bony  trabeculae.  The  vomer  and  its  cartilage  takes 
the  form  of  a  long,  tapering  rod  decreasing  in  diameter  from  about  2  cm 
to  a  few  mm  with  the  trabeculae  of  the  bone  orientated  anterio-posteriorly 
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in  conformity  with  the  shape  of  the  rod.  It  has  been  suggested  (not 
published)  that  the  cartilage  of  the  vomer  constitutes  the  main  trans- 
ducer in  the  cetacean  skull  -  transmitting  longitudinal  vibrations  to 
the  tip  of  the  snout.  Evidence  in  support  of  this  idea  is  provided  in 
the  Common  Dolphin  Delphi nus  delphis  by  the  presence  of  longitudinal 
extensions  of  the  pterygoid  air  sac  system  on  each  side  of  the  vomer 
on  the  ventral  aspect  of  the  maxillary  bones.  It  should  be  borne  in 
mind,  however,  that  such  longitudinal  vibrations  as  are  transmitted  by 
the  vomer  would  have  directional  properties  only  within  the  confines  of 
the  skull.  The  diameter  of  tip  of  the  vomer  is  so  small  that  it  would 
act  as  a  point  source  for  the  whole  frequency  spectrum  of  sounds  known 
to  be  emitted  by  cetaceans.  The  resultant  sound  field  in  the  ambient 
water  would  be  spherical  and  therefore  non-directional.  It  is  conceivable 
that  this  property  is  made  use  of  in  long  range-echolocation.  This  idea 
is  inconsistent  with  the  experimental  results  of  NORRIS  et  al.(1961)  who 
found  that  blindfold  captive  specimens  of  Tursiops  were  unable  to  locate 
food  fragments  placed  below  the  level  of  the  chin  (fig.  23).  In  a  spherical 
sound  field  radiated  from  the  tip  of  the  snout,  echoes  of  equal  intensity 
would  be  received  from  food  fragments  placed  above  or  below  the  level  of 
the  chin.  NORRIS  at  first  attributed  this  phenomenon  to  an  incapacity  of 
the  dolphin  to  hear  echoes  below  the  level  of  the  chin  but  in  a  later, 
private  communication  he  stated  that  the  animals  could  hear  well  through 
the  lower  jaw.  From  these  observations  it  seems  more  likely  that  there  is 
"blind  spot"  at  this  level  from  the  point  of  view  of  phonation  rather  than 
of  hearing. 

It  will  be  recalled  that  in  the  experiments  described  at  the  beginning  of 
this  paper  I  was  unable  to  receive  signal  either  from  the  lower  jaw  in 
the  dead  specimens  or  from  below  the  lower  jaw  in  the  live  specimens  of 
Tursiops.  If,  as  I  postulate  the  source  is  located  at  the  tip  of  the 
glottis  and  is  transmitted  through  the  palatopharygeus  muscles  and  vomer 
to  the  bones  of  the  rostrum,  the  absence  of  appreciable  signals  from  the 
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Fig.  ?3  :  Diagram  by  Norris  showing  apparent 

limits  of  sonar  detection  of  particles 
of  food  in  a  Rottle-nosed  dolphin 
Tursiops  truncatus. 
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Fig.  24  :  Diagram  of  a  dissection  of  the  dorsal  aspect 
of  the  head  of  a  Rough-toothed  dolphin 
Steno  bredanensis  showing  tubular  air  sacs. 
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lower  jaws  and  chin  can  easily  be  explained  by  the  presence  of  numerous 
acoustic  discontinuities  between  these  structures  and  the  external  surfaces. 
The  lower  jaw  is  for  the  most  part  acoustically  isolated  from  the  skull  by 
the  middle  ear-sinus  which  surrounds  the  glenoid  fossa.  The  apex  of  the 
glottis,  fig.  14,  is  screened  from  the  ventral  aspect  of  the  throat  by  the 
nasopharynx  and  pharynx,  the  palatopharygeus  muscles  by  the  pterygoid 
sinuses  and  pharynx,  fig.  17,  and  the  bones  of  the  rostrum  by  the  whole  length 
of  the  oral  cavity.  Although  the  oral  cavity  and  pharynx  are  not  in- 
trinsically air  cavities  in  cetaceans  as  they  are  in  terrestrial  mammals 
it  is  certain  that  in  common  with  the  latter,  the  irregularities  of  the 
tongue  and  the  mucous  lining  the  whole  oral  tract  will  contain  a  high 
concentration  of  gas  bubbles  due  to  trapped  air  and  the  gaseous  decomposition 
of  food  particles  in  the  saliva  and  mucous.  The  presence  of  gas  bubbles  too 
small  to  be  seen  with  the  naked  eye  will  cut   down  the  sound  transmission 
by  as  much  as  80  %  (PURVES  loc  ,cit) .  Such  acoustic  discontinuities  do  not 
occur  on  the  upper  aspect  of  the  rostrum  except  at  the  proximal  end  in  the 
region  of  the  supramaxillary  air  sacs.  Although,  owing  to  the  high  concentra- 
tion of  sound  energy  at  the  tip  of  the  snout  there  would  be  a  certain  amount 
of  spherical  radiation  in  this  region,  it  would  be  greatly  reinforced  by 
radiation  from  the  dorsal  aspect  of  the  maxillae,  so  that  echoes  from  above 
the  level  of  the  snout  would  always  be  dominant.  If,  as  EVANS  et  al ,  (loc  .cit.) 
suggest,  the  frontal  aspect  of  the  skull  acts  as  a  parabolic  reflector, 
most  of  this  energy  would  be  projected  forward.  It  may  be  significant  that 
in  the  body  of  the  rostrum  the  bone  trabeculae  of  the  ventral  half  run 
horizontally  parallel  with  the  surface  of  the  palate,  but  those  in  the 
upper  half  have  an  anterodorsal  inclination. 

In  support  of  the  theory  of  phonation  propounded  above  it  may  be  stated 
that  if  the  sound  produced  by  a  small  artificial  whistle  with  relatively 
low  air  pressure  in  the  larynx  is  distributed  in  the  manner  shown  by 
Tables  I  to  IV  then  a  similar  distribution  of  greater  intensity  would  occur 
if  any  sound  whatever  were  produced  by  the  larynx  of  cetaceans. 
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THE  ROLE  OF  THE  UPPER  NASAL  PASSAGES  IN  PHONATION 

In  order  that  the  larynx  may  function  in  the  manner  described  in  the 

preceding  chapter,  air  must  flow  through  the  glottis  into  the  upper  bony 

nares .  Moreover,  since  the  animal  is  required  to  use  its  sonar  system 

almost  continuously  whilst  submerged  at  considerable  depths  and  for  long 

periods,  this  air  must  be  conserved  and  recirculated  for  further  use. 

Although  it  has  not  yet  been  proved  it  is  my  belief,  from  a  study  of  the 

bronchiolar  sphincter  muscles  in  the  smaller  cetaceans,  that  prior  to  a 

period  of  moderately  deep  or  lengthy  submergence,  the  air  is  actively 

pumped  out  of  the  alveoli  of  the  lungs  into  the  upper  bronchial  passages 

and  trachea.  It  has  been  stated  that  bronchiolar  sphincter  muscles  do  not 

occur  in  the  larger  Balaenopterid  whales  nor  in  the  Bottlenose  and  Sperm 

whales  Hyperoodon  and  Physeter.  However,  as  SCHOLANDER  (1940)  has  suggested, 

these  larger  whales  probably  pass  straight  through  the  "danger  zone"  to 

depths  at  which  alveolar  collapse  occurs  through  hydrostatic  pressure  alone, 

thus  avoiding  nitrogen  absorption. 

Whatever  the  method  of  alveolar  collapse,  it  is  likely  that  during  prolonged 

submergence,  the  thorax  is  immobilized  and  takes  no  part  in  phonation  in 

cetaceans  as  it  does  in  terrestrial  mammals.  It  is  possible  that  cetaceans 

have  to  "make  do"  in  phonation  with  the  amount  of  air  that  can  be  contained 

in  laryngeal  air  chambers.  It  can  be  demonstrated  that  the  large  laryngeal 

air  sac  of  the  balaenopterid  whales,  completely  fills  the  lumen  of  the 

trachea  when  inflated  and  is  structurally  homologous  with  the  laryngeal 

air  sacs  of  the  odontocetes. 

Although  the  amount  of  air  used  in  a  burst  of  sonar  activity  is  probably 

not  known  it  is  possible  to  estimate  in  broad  terms,  the  amount  that  would 

be  used  if  phonation  occurred  by  the  method  described  in  the  preceding 

chapter. 

Experimentally,  a  resected  larynx  of  Tursiops  truncatus  used  approximately 

120  cc  of  air  in  the  artificial  production  of  a  train  of  relaxation  oscillations 

lasting  10  seconds  with  an  average  pressure  of  25  mm  Hq.  This  is  probably 
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an  overestimation  of  the  amount  used  in  life  and  it  is  interesting  that 
the  theoretical  estimate  is  about  half  this  quantity. 

Fig.  7  shows  a  series  of  three  pulses  with  the  oscilloscope  set  at  100 
cycles  per  sec.  The  recurrence  frequency  is  therefore  300  pps .  As  the 
camera  exposure  was  0.04  sec  there  are  4  to  5  clicks  superimposed  on 
each  pulse  and  the  duration  of  a  single  click  is  approximately  0.2  m/sec . 
Taking  an  average  recurrence  frequency  of  150  pps  during  a  10  sec  train  of 
pulses  and  an  average  jet  diameter  of  0.05  the  volume  of  air  can  be  cal- 
culated if  the  velocity  of  the  jet  is  known.  The  frequency  content  of  the 
pulses,  according  to  KRUGER  and  SCHMIDTKE  (loc.  cit.)  indicates  that  the 
velocity  is  above  the  speed  of  sound  but  an  estimate  can  arrive  at  in  part 
with  reference  to  Kinetic  Theory.  If  the  air  in  the  respiratory  tract  of 
cetaceans  reaches  300°  C  on  the  absolute  thermodynamic  scale  and  the 
difference  in  air  pressure  within  the  larynx  is  greater  than  that  in 
supraglottal  cavities  by  1/3  atmosphere  at  any  instant,  then  the  difference 

in  the  kinetic  energy  of  the  molecules  of  air  inside  and  outside  larynx 

4         2 
will  be  48  x  10  dynes  cm  approximately.  This  figure  represents  about  the 

limit  of  the  force  than  can  be  exerted  by  the  thyroarytenoid  muscle  in 

Tursiops  truncatus  but  a  much  smaller  pressure  difference  could  be  assumed. 

The  density  difference,  if  the  air  were  saturated  with  water  vapour  would 

-4 
be  3.5  x  10   gms  per  cc .  If  this  pressure  difference  were  released  suddenly 

at  the  tip  of  the  glottis  then  velocity  of  the  escaping  gas  would  approximate 

to  the  mean  velocity  of  agitation  of  molecules  of  the  gas  along  the  axis 

of  the  glottis. 

This  is  equal  to  (P/p)2^  where  P  is  the  pressure  difference  =  2/3  of  the    1 

4  -4   2 

total  kinetic  energy  and  p  =  density  difference  =  ((32  x  10  )/(3.5  x  10   )) 

3 
=  30.2  x  10  cm  sec.  If  the  air  is  further  accelerated  by  elastic  recoil 

of  the  glottic  cartilages  to  slightly  above  the  speed  of  sound  as  HUSSON 

(loc. cit.)  states,  then  the  amount  of  air  used  during  a  burst  of  sonar 

lasting  10  sees  with  three  laryngeal  jets  operating  simultaneously  with 
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0.2  m  sec  pulses  at  150  per  sec. 

=  33.3  x  103  x  IT  (0.025)2  x  150  x  10  x  3  x  0.0002  =  60  ccs 
It  should  be  pointed  out  that  the  above  calculation  is  meant  to  apply  to  an 
animal  of  about  the  size  of  Tursiops  but  because  pressures  and  densities 
are  proportional,  the  jet  velocity  would  be  about  the  same  for  smaller 
values  of  P  and  p.  The  size-specific  variables  are  considered  to  be  intensity 
and  recurrence  frequency . 

It  has  been  postulated  that  the  sound  producing  mechanism  is  located  in 
the  upper  nares  and  is  probably  represented  by  the  two  valvular  flaps  which 
are  to  found  on  the  lateral  borders  of  the  nasals  plugs.  LAWRENCE  and 
SCHEVILL  (loc.  cit.)  have  described  in  great  detail,  the  anatomy  and  major 
function  of  the  upper  narial  structures  in  the  delphinid  nose  but  for  the 
purpose  of  examining  the  hypothesis  referred  to  above,  it  is  necessary  to 
describe  some  recent  anatomical  and  experimental  investigations  on  a 
specimen  of  Steno  bredanensis. 

It  is  proposed  to  use  the  same  anatomical  nomenclature,  as  assigned  to 
the  various  structures  by  LAWRENCE  and  SCHEVILL  but  with  different  abbrevia- 
tions. Fig.  24  shows  the  dorsal  aspect  of  the  head  after  removal  of  the 
integument  and  most  of  the  musculature.  The  conspicuous  features  are  the 
two  pairs  of  tubular  air  sacs  (STA,  STP)  which  surround  the  lips  of  the 
blowhole.  These  are  asymmetrical  in  size  and  orientation  with  the  chord 
of  the  arcs  lying  at  right  angles  to  the  nasal  septum  and  mesethemoid. 
The  lips  of  the  blowhole  are  shown  distended  revealing  the  upper  surfaces 
of  the  nasal  plugs  (NP) ,  but  when  the  sacs  are  inflated  by  air  and  drawn 
laterally  by  their  intrinsic  musculature  (MIT)  they  approximate  the  lips 
of  the  blowhole.  The  posterior  sac  fits  into  a  recess  on  the  dorsal  aspect 
of  the  nasal  plug,  fig*  17,  and  the  anterior  sac  thrusts  the  anterior  lip 
of  the  blowhole  backwards  into  a  recess  above  the  posterior  sac  where  the 
epithelium  of  the  nares  if  sculptured  to  make  a  perfect  fit.  Thus  the 
greater  the  pneumatic  pressure  in  the  tubular  sacs  the  more  perfect  is 
the  occlusion  of  the  blowholec  Moreover,  in  this  condition  the  posterior 
part  of  the  nasal  plug  is  prevented  from  moving  upwards  so  that  air  injected 
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from  below  must  pass  into  the  premaxillary  sac  (SPM) .  In  fig.  25  the  thin, 
shield-shaped  roof  of  the  premaxillary  sacs  can  be  seen  anterior  to  the 
blowhole;  it  should  be  noted  that  it  lies  approximately  on  the  longitudinal 
axis  of  the  head  and  has  its  own  intrinsic  musculature  (MSM)  which  originates 
in  the  groove  formed  by  the  premaxillae  (PRM) .  The  cut  surf aces  of  the 
proximal  end  pars  profound  (MXL)  of  the  maxillolabialis  can  be  seen.  Some 
of  the  fibres  of  this  muscle  decussate  over  the  premaxillary  sacs  and 
others  enter  the  adipose  tissue  just  above  them  so  that  contraction  of  the 
muscle  compresses  the  sacs  and  draws  the  nasal  plugs  downwards.  Since  the 
origins  of  this  part  of  the  maxillolabialis  on  the  posterolateral  borders 
of  the  premaxillae  also  cover  the  connecting  sacs  (SCO  figs.  24  and  25) 
contraction  of  the  maxillolabialis  also  compresses  the  connecting  sacs. 

The  connecting  sacs  are  so-called  because  they  connect  the  premaxillary 
sacs  with  the  tubular  sacs  and  it  should  be  noted  that  in  Steno  the  sac  of 
the  left  side  is  very  much  reduced  in  volume  and  calibre  compared  with 
that  on  the  right.  By  sealing  the  slots  (SL)  which  lead  from  the  upper  nares 
into  the  posterior  tubular  sacs  it  is  possible  to  inflate  the  tubular  sacs 
with  air  through  the  connecting  sac,  by  means  of  a  hypodermic  needle.  It 
was  found  that  the  combined  sacs  took  a  little  less  than  10  ccs  of  air,  and 
it  is  doubtful  whether  this  figure  could  be  more  than  doubled  under  pressure. 
As  LAWRENCE  and  SCHEVILL  have  pointed  out,  manual  pressure  on  the  sacs  in 
the  living  dolphin  causes  air  to  be  extruded  upward  through  the  lips  of  the 
blowhole  into  the  vestibular  sacs  (VS)  fig.  26,  which  lie  dorsolateral  to 
the  tubular  sacs.  This  air  escapes  through  the  slots  (SL)  which  lie  above 
the  level  of  the  nasal  plugs. 

In  fig.  27  the  membranous  roof  of  the  premaxillary  sacs  has  been  cut  away 
and  the  nasal  plugs  (NP)  drawn  posterodorsally  out  of  the  nares  (N)  to  show 
their  ventral  surfaces.  Two  incisions  have  been  made  in  the  posterior  tubular 
sacs  and  two  probes  (PR)  inserted  to  demonstrate  the  connection  between  them 
and  the  premaxillary  sacs  (SPM).  The  flap-like  lateral  extensions  of  the  nasal 
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Fig.  25   Diagram  of  a  dissection  of  the  dorsal  aspect 
of  the  head  of  a  Rough-toothed  dolphin 
Steno  bredanensis  showing  connecting  and  premaxil- 
lary  sacs. 
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26  :  Diagram  of  a  dissection  of  the  dorsal  aspect  of  the 

head  of  a  Rough-toothed  dolphin  Steno  bredanensis  showing 
vestibular  sacs. 
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Fig.  27  :  Diagram  of  a  dissection  of  the  dorsal 
aspect  of  the  head  of  a  Rough-toothed 
dolphin  Steno  bredanensis  showing  nasal 
plugs  and  lateral  valves. 
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Fig.  28 


Diagram  of  a  dissection  of  the  dorsal  aspect  of 

the  head  of  a  Rough-toothed  dolphin  Steno  bredanensis 

showing  blowhole  musculature. 


plugs  protrude  into  the  connecting  sacs  (SCO)  and  are  seen  in  front  elevation 
in  the  diagram.  It  should  be  noted  that  they  are  concavo-convex  with  the 
concavity  on  the  upper  surface.  The  form  is  such  that  they  act  as  uni- 
directional valves  leading  into  the  tubular  sacs.  Once  the  tubular  sacs 
have  been  inflated  fully,  the  air  cannot  escape  back  into  the  premaxillary 
sacs  since  the  back-pressure  seals  the  flaps  on  to  the  floor  of  the  connecting 
sac  and  premaxillary  bones. 

Ventral  to  the  nasal  plugs  are  two  diagonal  membranes  (DM  dotted  line) 
stretching  from  the  lateral  margins  of  the  nares  to  the  medial  extremities 
of  the  slots  (SL)  leading  into  the  posterior  tubular  air  sacs.  The  mesial 
borders  of  these  membranes  are  exceedingly  thin  and  delicate  and  when  air  is 
blown  up  from  below,  the  membranes  fly  against  the  ventral  surf aces  of  the 
nasal  plugs  so  that  air  can  only  flow  between  the  former  into  the  pre- 
maxillary sacs,  thence  to  the  tubular  sacs.  This  arrangement  ensures  that 
unless  the  entire  narial  system  is  dilated  by  withdrawal  of  the  nasal  plugs 
from  the  nares  by  the  nasal  plug  muscles,  figs.  24  and  26  (MNP)  and  by 
contraction  of  the  entire  blowhole  musculature,  figs.  26  and  28  (MXN) . 
See  LAWRENCE  and  SCHEVILL  (loc.  cit.),  such  as  occurs  during  respiration, 
any  air  pressure  initiated  from  below  at  the  level  of  the  larynx  will  inflate 
the  tubular  sacs  first.  The  upper  blowhole  having  thus  been  properly  occluded 
the  premaxillary  sacs  will  expand.  The  premaxillary  air  sacs  in  Steno  are 
relatively  small  and  contain  a  maximum  of  50  cc  of  air  when  inflated.  This 
probably  represents  the  limit  of  the  volume  of  air  that  can  be  used  in  a 
single  burst  of  sonar.  When  the  pars  profundus  of  the  maxillolabialis 
contracts,  the  connecting  sacs  are  compressed,  thus  sealing  off  the  entrance 
to  the  tubular  sacs.  The  premaxillary  sacs  are  also  compressed  and  the 
contained  air  is  driven  back  down  the  nares.  It  is  possible  that  when  the 
maxillolabialis  is  fully  contracted,  a  slightly  negative  pressure  can  be 
produced  in  the  superior  nares  by  the  action  of  the  extrinsic  muscles  of 
the  larynx  and  throat.  The  palatopharyngeal  sphincter  would  meanwhile  be 
slightly  relaxed.  The  muscles  of  the  throat  of  cetaceans  are  extremely 
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complex  and  a  description  of  their  function  is  beyond  the  scope  of  this 
paper. 

It  has  already  been  stated  that  it  would  be  possible  to  produce  whistling 
noises  by  the  passage  of  air  through  the  valvular  extensions  of  the  nasal 
plugs,  but  because  of  the  relatively  large  amount  of  air  required  for  this 
purpose  and  the  small  capacity  of  the  tubular  sacs,  such  whistling  would 
always  be  accompanied  by  loss  of  air  into  the  vestibular  sacs,  thence  to 
the  water,  if  the  duration  of  the  whistle  exceeded  more  than  a  second  or 
two. 

LAWRENCE  and  SCHEVILL  have  ascribed  the  function  of  a  water-trap  to  the 
vestibular  sacs  (fig.  26)  and  there  is  no  doubt  that  this  is  one  of  their 
main  functions.  A  jet  of  water  with  a  head  of  two  atmospheres  aimed 
directly  at  the  blowhole  of  the  head  of  Steno  referred  to  above,  caused 
the  vestibular  sacs  to  expand  to  their  full  capacity  and  then  overflow  but 
no  water  was  observed  to  flow  from  the  severed  end  of  the  trachea.  Since 
many  cetaceans  have  been  observed  to  exhale  before  reaching  the  surface 
a  water  trap  would  appear  to  be  essential.  However,  S.  ANDERSON,  Anton 
Brun  Oceanographic  Institute,  Copenhagen,  in  a  private  communication  stated 
that  in  Phocaena  these  sacs  act  as  floatation  devices  when  the  animal  is 
stationary  or  sleeping,  ensuring  that  the  blowhole  remains  clear  of  the 
surface  when  breathing.  Recently  dead  animals  have  been  observed  to  sink 
below  the  surface  when  the  vestibular  sacs  have  been  punctured. 
Both  of  these  explanations  of  the  function  of  the  vestibular  sacs  raise  the 
question  of  the  asymmetry  of  the  cetacean  skull  and  upper  nasal  mechanisms. 
It  has  frequently  been  postulated  that  this  asymmetry  is  associated  with 
the  sonar  system  although  it  is  difficult  to  imagine  from  the  physical 
standpoint  what  advantage  could  be  gained  from  such  asymmetry. 
My  view  is  that  the  total  asymmetry  of  the  cetacean  skull  and  nasal  system 
is  associated  with  the  mechanics  of  respiration,  and  the  remarks  of 
ANDERSON  (loc.  cit.)  are  relevant  to  one  aspect  of  this  function.  The 
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cetacean  "image"  is  that  of  a  very  active  animal  constantly  moving  through 
the  ocean  at  high  speed.  It  is  well  known,  however,  that  like  other  mammals, 
whales  and  dolphins  require  rest  and  sleep  and  must  seek  relatively  un- 
disturbed surface  conditions  for  this  purpose.  It  would  be  of  considerable 
disadvantage  in  these  circumstances  if  the  blowhole  were  placed  centrally 
on  the  top  of  the  head.  According  to  LAWRENCE  and  SCHEVILL  (loc.  cit.)  the 
average  combined  expiratory  and  inspiratory  duration  of  the  blow  in  Tursiops 
was  0.75  sec  and  was  frequently  accompanied  by  a  certain  amount  of  water 
spray . 

In  common  with  all  mammals,  the  thoracic  mechanism  is  such  that  inspira- 
tion is  more  rapid  and  positive  than  exhalation.  If  the  blowhole  were 
vertically  orientated,  a  considerable  quantity  of  the  exhaled  water  spray 
and  gas  would  be  reinhaled  on  the  inspiratory  phase.  This  would  obviously 
not  occur  in  a  dolphin  in  motion  or  in  windy  conditions. 
If,  during  the  course  of  evolution  of  the  lateral  displacement  of  the 
blowhole,  the  entire  system  of  pneumatic  cavities  had  remained  symmetrical 
about  the  axis  of  the  mesethmoid  the  former  too,  would  have  been  moved 
laterally  so  that  the  head  would  then  be  hydrostatically  unstable  and  there 
would  be  a  constant  tendency  for  the  head  to  rotate  until  the  blowhole  was 
again  top-dead-centre.  It  is  clear  that  during  the  lateral  displacement  of 
the  blowhole  and  nasal  septum,  the  air  sac  system  of  the  right  hand  side 
has  become  "parasitic"  on  that  of  the  left,  so  that  the  whole  system  of 
air  spaces  remains  approximately  on  the  central  axis  of  the  skull  and  is 
therefore  hydrostatically  stable.  The  extreme  example  of  this  process  is 
found  in  the  Sperm  whale  Physeter  catodon  where  the  entire  system  of  air 
sacs  of  the  left  hand  side  has  disappeared,  whereas  that  of  the  right  is 
greatly  hypertrophied  and  centrally  disposed  about  the  long  axis  of  the 
head. 

Although  the  plane  of  the  mesethmoid  makes  an  angle  to  the  left  of  the 
sagittal  plane,  the  long  axes  of  the  lateral  diverticula  of  the  nares ,  the 
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lips  of  the  blowhole,  and  the  chord  of  the  crescent  of  the  blowhole  remain 
at  right  angles  to  the  plane  of  the  mesethmoid,  so  that  the  entire  systems 
of  the  two  sides  have  an  anteroposterior  displacement. 

It  follows  that  since  the  structures  of  the  right  side  are  larger  than  those 
on  the  left  and  are  displaced  anteroposteriorly ,  then  the  muscles  which 
control  these  systems  must  also  be  larger  and  anteroposteriorly  displaced . 
Finally  the  bones  of  skull  which  form  the  origins  of  these  muscles  must  be 
commensurate  with  the  soft  parts  so  that  the  entire  upper  surface  of  the 
skull  takes  on  an  asymmetry  that  is  subservient  to  the  proper  functioning 
of  the  soft  parts. 

In  most  odontocetes  the  left  bony  narial  aperture  is  larger  than  the  right 
and  the  naris  follows  a  more  vertical  course.  The  epiglottic  spout  is  bent 
slightly  to  the  left  (markedly  so  in  the  Ziphiidae  and  Physeteridae)  and  when 
the  larynx  is  pushed  upward  into  the  nasopharynx  the  glottis  moves  towards 
the  left  posterior  naris.  The  radiograph,  fig.  29,  shows  the  head  of  Steno 
in  which  a  small  strip  of  lead  foil  was  placed  across  the  chord  of  the 
curve  of  the  blowhole  with  another  bisecting  the  arc.  It  will  be  seen  that 
the  cross  so  formed,  lies  exactly  over  the  left  bony  naris. 
All  this  evidence  suggests  that  in  the  Odontocete  respiration  takes  place 
predominantly  through  the  left  naris.  This  is  most  obvious  in  the  Physeridae 
in  which  the  diameter  of  the  bony  aperture  of  left  side  is  five  to  seven 
times  greater  than  that  of  the  right,  and  the  nostril  of  the  left  side  forms 
a  continuous  tube,  the  calibre  of  which  is  controlled  by  circular  muscle 
throughout  its  length. 

It  is  possible  that  the  whole  arrangement  is  conducive  to  more  efficient 
external  respiration,  and  in  having  greater  survival  value,  is     probably 
the  result  of  natural  selection.  It  can  be  demonstrated  by  a  simple  calcula- 
tion that  a  pair  of  nostrils  of  equal  calibre,  such  as  is  found  in  terrestrial 
mammals  ,  is  a  relatively  inefficient  arrangement,  as  far  as  ventilation  6f 
the  lungs  is  concerned.  Consider  two  circular  pipes  of  diameter  4  cm  and  1  cm 
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Fig.  29  :  Radiograph  of  the  head  of  a  Rough-toothed  dolphin 

Steno  bredanensis  showing  position  of  blowhole  with 
respect  to  left  narial  passage. 
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Fig.  30  :  Sketch  of  the  laryngeal  sac  in  the  Fin-whale 
Balaenoptera  physalus.  In  fig.  b  the  dorsal 
parts  of  the  cricoid  and  trachea  have  been  removed 
and  the  arytenoids  rotated  outwards. 


length.  Then  the  internal  surface  area  is  given  by  2TTR  and  the  volume 
byTR2  for 
both  pipes 


by  M  R  for  each  pipe.  The  ratio  of  total  surface  area  to  total  volume  for 


=  2  (2?2)  :  2  (7T22) 
The  value  I  is  a  constant  and  can  be  neglected,  therefore  the  ratio  is 

8  :  8 
Suppose  now  that  the  diameter  of  one  pipe  is  reduced  to  2  cm  and  the  other 
increased  by  a  corresponding  amount,  becoming  6  cm,  the  ratio  of  total 
surface  area  to  volume  becomes 

(2Tl)  +  (2^3)  :  (Fl2)  +  (fl~32) 
the  ratio  is 

8  :  10 
Thus  at  a  given  velocity,  a  greater  volume  of  air  could  be  passed  through 
the  two  unequal  apertures  for  the  same  surface  area,  as  that  for  the  two 
equally  sized  apertures.  If  passage  through  the  smaller  aperture  were 
suppressed  completely,  the  ratio  would  become 
(2^3)  :  (1T32) 

=  6:9 
In  this  case  the  surface  to  volume  ratio  if  even  more  favourable,  and  the 
total  volume  of  air  passed  through  the  single,  larger  aperture,  is  again 
greater  than  that  through  both  of  the  original  pair  of  4  cm  diameter.  The 
greater  one  aperture  becomes  with  respect  to  the  other,  the  greater  the 
advantage  from  the  ventilation  point  of  view,  and  it  is  my  opinion  that  thi, 
principle  is  also  involved  in  the  asymmetry  of  the  cetacean  skull  which 
finds  its  extreme  expression  in  the  Sperm  whale.  It  is  clear  that  in  this 
Super-family  the  smaller  aperture  plays  no  part  in  external  respiration. 

CONCLUSION 

In  commencing  this  discussion,  I  stated  that  the  arrangement  of  paired 

nostrils  of  equal  diameter  was  an  inefficient  mechanism,  from  the  point  of 
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view  of  breathing.  Why  then  is  it  present  in  all  terrestrial  vertebrates  and 
in  most  fish?  It  is  my  opinion  that  the  explanation  is  to  be  found  within  the 
cognisance  of  the  whole  purpose  of  bilateral  symmetry  in  living  organisms. 
Efficient  motion  in  a  chosen  direction,  became  possible  in  evolutionary 
history,  only  when  sensory  and  locomotry  organs  of  various  kinds  became 
symmetrically  disposed  about  a  central  axis  of  the  body.  By  such  an 
arrangement,  animals  became  able  to  detect  differences  between  the  environ- 
ment on  the  two  sides  of  the  body,  and  to  move  towards  a  preferred  en- 
vironment without  experimentation. 

It  is  this  general  principle,  which  I  believe  to  be  embodied  in  the 
possession  by  all  active  vertebrates  of  paired  nostrils,  and  of  the  forked 
tongue  in  certain  reptiles.  The  nostrils  are  the  seat  of  the  olfactory 
conchae  and  are,  therefore,  primarily  sensory  organs.  Just  as  it  is  necessary 
to  have  two  ears  for  directional  hearing,  so  it  is  necessary  to  have  two 
nostrils  for  the  purpose  of  directional  olfaction.  Modern  man  has  become  to 
be  almost  totally  independent  of  the  directional  properties  of  his  sense 
organs  and  tends  to  neglect  the  importance  of  this  aspect  of  their 
physiology  when  studying  the  lower  vertebrates.  At  first  sight  it  may  seem 
that  the  nostrils  are  not  sufficiently  widely  separated  to  form  a  time  or 
intensity  base  for  directional  olfaction.  However,  the  planes  of  the  nostrils 
in  most  animals  lie  across  widely  divergent  axes,  and  air  is  inhaled  and 
exhaled  from  a  considerable  distance  along  these  axes,  as  may  deduced  from 
simple  laboratory  experiments  and  by  the  observation  of  the  columns  of 
the  water  vapour  expelled  from  the  nostrils  of  animals  in  cold  temperatures. 
Most  animals  are  able  to  follow  with  great  accuracy  an  invisible,  undulating 
scent -trail  on  the  ground.  As  an  example,  if  the  leg  of  a  frog  be  trailed 
in  a  winding  course  across  a  piece  of  white  card  and  the  card  be  allowed 
to  dry  ,  there  remains  no  visible  trace  of  the  track  of  the  foot.  Never- 
theless, a  grass-snake  can  follow  this  trail  with  perfect  accuracy.  It 
is  possible  that  this  is  achieved  through  the  detection  by  the  organs  of 
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JACOBSON,  of  slight  differences  in  the  scent  on  the  two  prongs  of  the 
forked  tongue.  If  a  dog  were  forced  to  experiment  by  quartering  the  ground 
every  time  a  scent  changed  direction,  a  great  deal  of  time  and  muscular 
effort  would  be  required  -  in  other  words,  the  system  would  be  inefficient. 
It  is  conceivable  that  when  an  animal  "sniffs  the  wind"  away  from  the  ground, 
the  nostrils  are  used  in  conjunction  with  the  extremely  sensitive,  tactile 
vibrissae,  which  lie  in  regularly  spaced  rows  on  either  side  of  the  nose 
and  probably  act  as  wind  direction  indicators.  The  idea  that  these  are  used 
solely  for  measuring  the  distance  apart  of  obstacles,  is,  in  my  opinion, 
erroneous . 

Olfactory  organs  are  absent  in  odontocete  cetaceans  and  the  blowhole  is 
entirely  subservient  to  breathing;  thus  there  is  no  need  for  paired  nostrils. 
The  blowhole  is  ,  therefore,  adapted  for  more  efficient  ventilation.  For  two 
examples  in  the  Vertebrata  which  "prove  the  rule"  one  may  draw  attention  to 
the  organisation  of  the  olfactory  organs  in  a  group  of  Devonian  fishes,  the 
cephalaspids  which  led  a  completely  sedentary  life  on  the  bottom  of  the  sea. 
In  these  fish,  there  is  but  one  nostril,  mesially  placed,  but  there  is  clear 
evidence  internally,  that  at  some  time  in. their  evolutionary  history,  they 
possessed  two  external  nostrils. 

The  other  example  is  in  the  paired  nostrils  of  the  Mysticeti , the  baleen 
whales,  which  possess  both  olfactory  conchae  and  olfactory  lobes  in  the  brain, 
The  fact  that  the  latter  two  structures  are  relatively  small,  and  that  the 
animals  live  permanently  in  the  sea  has  led  to  the  supposition,  by  some 
cetologists,  that  the  sense  of  small  is  either  reduced  or  absent  in  the 
Mysticeti  also.  However,  the  olfactory  organs  are  in  absolute  terms  much 
larger  than  in  most  other  mammals  and  it  is  difficult  to  see  why  they  should 
be  commensurate  with  the  total  size  of  the  animal.  When  it  is  remembered  that 
the  Mysticeti  are  plankton  feeders,  and  that  plankton-rich,  sea  water 
frequently  has  a  distinctive  odour,  it  is  not  difficult  to  imagine  that 
these  large  animals  may  "sniff  the  wind"  in  search  of  their  food. 
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It  is  doubtful,  however,  whether  there  is  any  intranarial  directionality 
in  the  olfactory  sense  and  it  is  possible  that  the  tactile  vibrissae  on 
the  surface  of  the  head  can  act  as  long-range,  wind  direction  perceptors 
as  well  as  underwater  close-range  receptors. 

Perhaps  the  most  striking  evidence  in  favour  of  the  hypothesis  of  a 
laryngeal  source  of  phonation  in  cetaceans  is  that  afforded  by  the  MysticetL 
SCHEVILL  et  al.(1964),  who  first  established  that  the  persistent  20  Hz 
sounds  recorded  in  certain  parts  of  the  Atlantic  were  those  emitted  by  the 
Fin  whale  Balaenoptera  physalus,  has  compiled  a  list  of  those  mysticetes 
known  to  emit  sounds,  together  with  the  authorship  of  the  observations.  More 
recently,  PERKINS  (1966)  published  sonagrams  demonstrating  that  Fin  whales 
were  also  capable  of  emitting  whistles  and  chirps  with  frequencies  up  to 
5  kHz.  SCHEVILL  (1964)  drew  attention  to  the  laryngeal  sac  in  the  Mysticeti 
and  indicated  its  possible  use  in  phonation.  Since  most  of  the  published 
work  on  the  larynx  of  Mysticetes  concerns  foetal  and  juvenile  specimens  it 
might  be  worthwhile  drawing  attention  to  a  few  details  concerning  the  sub- 
adult  larynx  which  do  not  seem  to  have  been  described.  In  1955  I  had  the 
opportunity  to  examine  the  larynges  of  18  Fin  whales  at  Steinshamn, Norway , 
and  two  of  these  were  taken  to  the  British  Museum  (Natural  History)  for 
dissection  and  exhibition „  Since  they  differ  in  some  important  respects 
(which  are  relevant  to  the  subject  of  phonation)  from  those  described  in 
the   literature  I  propose  to  publish  a  more  detailed  account  at  some 
future  date.  A  sketch  from  my  log-book  is  reproduced  in  fig.  30. 
In  all  the  specimens  examined  by  me  there  was  a  semidiscoid  flange 
projecting  forward  from  the  apex  of  each  arytenoid  cartilage.  The  flange  was 
about  8  cm  in  radius  and  about  one  centimetre  thick.  In  the  more  adult 
specimens  the  mesial  surface  was  covered  with  closely-packed,  warty  rugositi* 
of  approximately  one  millimeter  diameter  so  that  the  whole  surface  presented 
an  appearance  similar  to  that  of  the  tongue  in  terrestrial  mammals.  Microsco- 
pic examination  revealed  a  thick,  cornified  epithelium  with  a  very  deeply 
papi Hated  zona  germinativa  like  that  of  the  external  skin,  and  it  is 
clear  that  these  surfaces  were  subject  to  considerable  wear.  When  the 
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arytenoid  and  epiglottic  cartilages  were  approximated  and  laterally 
compressed  as  if  by  the  arcus  palatinus,  the  mesial  surfaces  of  each 
flange  became  closely  opposed  and  the  anteroventral  borders  of  the  double 
assembly  fitted  deeply  into  the  trough  formed  by  the  epiglottis.  The 
flanges  themselves  were  composed  entirely  of  elastic  tissue  and  it  is 
certain  that  if  air  were  blown  through  the  glottis  from  below  with  sufficient 
pressure  it  would  cause  the  system  to  vibrate  harmonically  and  probably 
with  a  fixed  frequency,  whether  the  larynx  was  used  for  phonation  or  not. 
In  the  more  juvenile  specimens,  the  flanges  were  smaller  and  their  mesial 
surfaces  smoother  although  incipient  rugosities  were  present.  It  is  possible 
that  the  formation  of  the  rugosities  was  correlated  with  the  onset  of 
sexual  maturity.  The  origin  of  these  arytenoid  flanges  is  not  difficult 
to  find  when  the  foetal  specimen  is  examined.  The  "arytenoid  body"  as 
described  by  CARTE  and  MACALISTER  (1868),  SCHULTE   (1916)  is  wholly 
semidiscoid  in  shape  and  consists  of  a  very  small  posterior  arytenoid 
cartilage  and  a  large  anteriorly  directed  membrane  which  is  homologous 
with  the  phonatory  "ayrtenoid  fold"  of  the  ungulate  mammals.  During  the 
postnatal  lengthening  of  the  arytenoid  cartilage  and  the  epiglottis, this 
membrane  is  carried  dorsally  so  that  it  becomes  remote  from  the  main  body 
of  the  larynx.  Its  functionality  in  the  adult  is  indicated  by  its  isogonic 
growth  in  diameter  and  thickness,  and  its  situation  at  the  apex  of  the 
glottis  gives  support  to  the  notion  that  the  phonatory  region  of  the  larynx, 
is,  as  in  the  Odontocete,  at  the  tip  of  the  epiglottic  spout. 
In  a  female  17.75  m  long,  the  laryngeal  pouch  was  120  cms  in  length,  40  cms 
in  depth  and  30  cm  wide.  When  the  animal  was  lying  on  its  back  the  whole 
sac  fitted  neatly  into  the  lumen  of  the  trachea,  in  this  part  of  which 
the  cartilaginous  rings  were  fused  into  a  solid  plate  dorsally  and  absent 
ventrally.  The  great  mass  of  the  thyroarytenoid  muscle,  which  formed  the 
ventral  and  lateral  walls  of  the  sac  was  20  cm  thick  at  its  greatest  width. 
The  muscles  of  this  system  have  been  adequately  described  by  HOSOKAWA  (loc. 
cit.)  and  it  is  apparent  that  the  sac  and  its  muscle  system  is  homologous 
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with  the  laryngeal  air  sacs  and  their  closing  muscles  in  the  Odontocete. 
It  is  clear  from  the  unique  construction  of  the  trachea  and  the  muscular 
arrangement,  that  the  sac  can  be  drawn  up  into  the  lumen  of  the  trachea  so 
that  it  isolates  the  supraglottal  air  spaces  from  the  thorax.  It  can  be 
conceived  that  an  arrangement  such  as  this  could  be  used  to  evacuate  the 
lungs  if  this  did  not  occur  through  hydrostatic  pressure  at  moderate 
depths.  Since  there  are  apparently  no  distensible  air  sacs  in  the  superior 
nares  phonation  by  the  larynx  would  require  more  pressure  than  in  the 
Odontocete  but  the  muscles  of  the  laryngeal  sac  seem  quite  adequate  to 
perform  this  function  and  to  produce  the  large  energy  outputs  which  have 
been  measured. 

In  the  Mysticeti,  as  in  the  Odontoceti,  the  larynx  is  coupled  anatomically 
to  the  bones  of  the  rostrum  by  the  palatopharyngeal  muscle  complex,  and  it 
is  conceivable  that  it  is  so-coupled  acoustically.  It  is  significant   that 
in  common  with  smaller  cetaceans,  the  component  bones  of  the  two  sides  of 
the  rostrum  remain  separated  from  each  other  by  the  vomer  throughout  life. 
The  length  of  a  20  Hz  sound-wave  in  water  is  70  metres  approximately, 
therefore  very  little  directionality  could  be  imparted  to  the  '20  Hz  pulse 
by  the  "double-source"  arrangement,  as  described  for  the  Odontocete. 
However,  the  wave  length  of  the  5000  Hz  "chirp"  described  by  PERKINS  (loc. 
cit.)  is  only  30  cm.  The  width  of  the  skull  in  an  adult  Fin  whale  can  be 
in  excess  of  five  times  this  figure,  therefore  the  chirp  must  have  very 
definite  directional  properties,  if  propagated  by  the  skull. 
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ABSTRACT 

A  great  deal  of  speculation  has  arisen  about  the  mechanism 
of  phonation  in  cetaceans  and  a  number  of  different  hypotheses 
have  appeared  in  the  literature.  Some  authors  locate  the  sound 
producing  mechanism  among  the  various  pneumatic  chambers  which 
are  to  be  found  in  the  upper  part  of  the  blow-hole,  but  others 
believe  the  sound  source  to  be  laryngeal. 

Experimental  results  obtained  by  locating  a  sound  source  in 
the  larynx  of  fresh,  dead  cetaceans  and  by  measuring  the  sound 
intensity  at  various  points  on  the  surface  of  the  head  have 
shown  that  the  greatest  energy  is  always  distributed  along  the 
central  axis  of  the  skull  notably  along  the  vomer  and  particular- 
ly at  the  tip  of  the  snout.  These  results  were  strikingly  similar 
to  those  obtained  by  measuring  the  near- field  distribution  of 
sound  emitted  by  live  dolphins  at  Communications  Research  In- 
stitute, Miami,  thus  indicating  that  the  sound  source  is  probab- 
ly laryngeal  in  the  living  animal. 

A  study  of  the  larynx,  palatopharyngeous  muscles,  basicranial 
air  sinuses  and  the  bones  of  the  skull  indicate  that  the  larynx 
acts  as  a  triple  source  to  produce  through  interference  phenomena, 
highly  directional  sound  beams  in  the  near- field. 

A  study  of  the  upper  narial  mechanism  shows  that  the 
accessory  pneumatic  air  chambers  are  necessary  for  recirculation 
of  air  and  occlusion  of  the  blow-hole  during  phonation  but  are 
not  directly  involved  in  echo- location. 
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II 

Discrimination  et  identification 
par  les  sonars  des  animaux 


Discrimination  et  identification 
by  the  animal's  sonar 
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DISCRIMINATIVE  ECHOLOCATION  BY  BATS 

by 

Donald  R.  GRIFFIN 


The  active  sonar  or  echolocation  of  bats  has  become  better  and 
better  understood  through  a  series  of  discoveries,  each  of  which  seemed 
so  incredible  when  first  considered  as  a  hypothetical  possibility  that 
biologists  were  reluctant  even  to  ask  the  pertinent  questions.   Spallanzani 
and  Jurine  demonstrated  in  the  1790' s  that  bats  could  be  disoriented  by 
covering  their  ears,  but  the  climate  of  scientific  opinion  was  unprepared 
to  consider  that  animals  might  generate  sounds  inaudible  to  human  ears, 
still  less  that  echoes  of  such  sounds  could  serve  to  orient  rapid  and 
agile  flight.   (For  historical  reviews  see  Galambos,  1942;  Dijkgraaf, 
1946,  1960;  Griffin,  1958  -  Chapter  3;  or  Vincent,  1963).   Barely  had 
we  accepted  the  fact  that  bats  could  locate  stationary  objects  by  echo 
when  behavioral  observations  suggested  that  even  small  insects  might  also 
be  intercepted  by  active  sonar  (Griffin,  1953).   Only  some  years  later 
did  differential  masking  experiments  with  low  and  high  frequency  noise 
demonstrate  conclusively  that  small  insects  could  be  captured  by  echolo- 
cation at  rates  of  several  per  minute  (Griffin,  Webster,  and  Michael,  1960) 

In  what  might  be  called  a  state  of  dynamic  habituation  to  successive 
surprises,  we  have  inquired  in  recent  years  how  well  bats  can  distinguish 
between  echoes  and  other  sounds,  or  between  the  echoes  from  different 
objects.   Contrary  to  hopeful  expectations  when  this  conference  was 
arranged,  I  have  no  new  data  to  present,  and  the  following  speculations 
are  based  primarily  on  three  recent  papers  on  bats'  resistance  to  jamming 
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(Griffin,  McCue  and  Grinnell,  1963),  on  fish  catching  by  echolocation 
(Suthers,  1965),  and  on  discrimination  between  similar  targets  (Griffin 
Friend,  and  Webster,  1965).   My  objective  is  to  stimulate  constructive 
discussion  and  informative  investigations  in  the  future. 

Insectivorous  bats  belonging  to  several  families  of  the  suborder 
Microchiroptera  appear  to  be  very  efficient  in  catching  flying  insects, 
although  only  Gould's  studies  of  two  genera  of  the  family  Vespertilionidae 
(1955,  1959)  provide  semi-quantitative  data  from  natural  conditions. 
Other  insectivorous  families  such  as  the  Emballonuridae  and  Rhinolophidae 
employ  different  types  of  orientation  sounds ,  and  their  interception 
strategies  deserve  thorough  analysis,  perhaps  by  methods  such  as  those 
already  developed  by  Webster  (1963).   It  would  be  especially  desirable 
to  learn  just  how  these  bats  catch  insects  under  natural  conditions  as 
well  as  in  captivity.   Bats  of  the  families  Vespertilionidae  and  Molossidae 
usually  employ  frequency  modulated  pulses  with  an  'ctave  of  frequency 
sweep  during  one  or  a  very  few  milliseconds.   The  Rhinolophidea  use  con- 
stant frequency  pulses,  with  a  brief  but  variable  interval  of  falling 
frequency  at  the  end  and  sometimes  a  rising  frequency  at  the  start  (Griffin 
1962).   The  Emballonuridae  are  less  specialized  for  echolocation  and  seem 
to  have  better  vision,  but  even  when  hunting  insects  in  the  daytime,  as 
Saccoptervx  does  routinely,  they  ressemble  other  predatory  bats  in  accel- 
erating the  pulse  repetition  rate  at  each  catching  manuever.   The  frequency 
patterns  in  Emballonurid  orientation  sounds  are  less  easily  characterized, 
but  multiple  harmonics  are  usually'  present  and  durations  vary  from  one  • 
millisecond  or  less  to  some  pulses  that  rival  in  duration  those  of  the 
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Rhino lophidae.   Another  important  group  of  neotropical  insectivorous 
bats  is  the  subfamily  Chilonycterinae  of  the  family  Phyllostomidae. 
Their  sonar  signals  are  somewhat  like  those  of  the  Emballonuridae ,  but 
virtually  nothing  is  known  about  their  insect-catching  tactics  under 
natural  conditions. 

If  close  analysis  should  show  no  differences  in  the  way  these 

orientation  shounds  are  used,  this  would  suggest  that  pulse  frequency 

pattern  is  not  important  or  that  bat  brains  can  be  adapted  to  recognize 

echoes  regardless  of  such  patterns,  provided  only  that  the  pattern  used 

by  a  particular  species  is  one  to  which  its  auditory  brain  is  also  ad- 

\ 
justed.   On  the  other  hand,  sufficiently  penetrating  investigation  might 

reveal  significant  differences  in  what  these  various  groups  of  bats 

actually  learn  from  their  variously  structured  echoes,  and  such  findings 

in  turn  would  suggest  interesting  correlations  between  structure  and 

function  of  the  probes  of  sound  bats  use  to  keep  in  touch  with  their 

surroundings . 

Even  the  best-studied  species  of  the  family  Vespertilionidae  present 
us  with  unexplained  variations  in  pulse  structure.   Both  Eptesicus  fuscus 
and  Lasiurus  borealis  emit  pulses  that  vary  considerably  in  duration  and 
in  rate  of  frequency  sweep.   As  with  all  other  bats  yet  studied,  difficult 
maneuvers  and  demanding  situations  elicit  shortened  pulses  of  the  "chirp" 
or  frequency  modulated  pattern.   But  when  flying  at  moderate  altitudes 
in  relatively  straight  lines,  longer  pulses  often  show  considerable  per- 
iods with  a  nearly  constant,  or  slowly  changing  frequency.   Is  different 
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information  being  extracted  from  the  environment  by  these  different 
types  of  orientation  sounds?   The  Doppler  effect  and  frequency  differ- 
ences between  outgoing  pulse  and  returning  echo  seem  unlikely  to  be  of 
crucial  importance,  because  these  bats  almost  always  avoid  overlap  between 
pulse  and  echo  (Cahlander,  McCue  and  Webster,  1964;  Webster,  1963).   The 
Chilonycterine  bats  studied  by  Novick  (1965)  ,  together  with  the  Rhinolo- 
phidae  discussed  by  Moehres  (1953)  differ  from  the  Vespertilionidae  in 
using  sufficiently  long  pulses  to  assure  pulse-echo  overlap  under  many 
conditions  including  insect  capture.   Surely  these  differences  in  acous- 
tical design  must  be  related  to  differences  in  behavioral  tactics,  but 
we  will  remain  ignorant  about  such  matters  until  direct  and  detailed  des- 
criptive and  experimental  studies  of  insect  hunting  are  carried  out. 
These  will  be  most  useful  if  the  relative  positions  of  bat  and  insect 
are  measured  with  reasonable  accuracy  throughout  entire  sequences  of 
search,  approach,  and  interception.   Of  course  the  orientation  sounds 
must  be  simulatneously  recorded  sufficiently  well  to  show  not  only  pulse 
duration,  pulse  to  pulse  interval,  and  frequency  pattern.,  but  ideally 
the  emitted  intensity  as  well.   The  photographic  tri angulation  employed 
by  Griffin,  Webster,  and  Michael  (1960)  is  a  first  step  in  this  direction, 
but  considerable  improvement  in  detailed  accuracy  would  be  possible  and 
highly  desirable. 

One  procedure  often  suggested  by  physical  scientists  is  multichannel 
recording  from  several  microphones  at  pre-arranged  locations,  followed 
by  a  comparative  analysis  of  the  time  relations  between  the  emitted  pulses 
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In  theory  this  can  determine  the  bat's  position  with  considerable  accuracy, 
but  preliminary  attempts  have  so  far  been  frustrated  by  such  practical 
problems  as  the  10  to  30  db  variation  in  sound  intensity  emitted  in  various 
directions  and  the  consequent  difficulty  in  making  accurate  comparisons 
of  pulse  onset,  for  example,  at  microphones  ahead  of  and  behind  the  flying 
bat.   In  fact  we  have  not  yet  succeeded  in  obtaining  satisfactory  direc- 
tional measurements  of  the  emitted  intensity  pattern  from  any  bat,  so  that 
three  dimensional  triangulation  faces  unpredictable  difficulties.   New 
approaches,  or  much  more  diligent  exploitation  of  old  methods,  are  clearly 
needed. 

The  question  of  discrimination  between  the  echoes  from  various 
targets  is  related  to  bats'  resistance  to  jamming  and  to  interference 
from  extraneous  noise  in  their  own  frequency  range.   In  a  jamming  experi- 
ment such  as  those  described  by  Griffin,  McCue,  and  Grinnell  (1963)  echoes 
are  discriminated  from  rather  similar  sounds,  which  may  be  pulsed  or  con- 
tinuous.  At  first  thought  one  might  suppose  that  echoes  of  pulsed  orien- 
tation sounds  would  be  more  difficult  for  a  bat  to  distinguish  from  pulsed 
noise  or  clicks  than  from  continuous  noise.   But  jamming  experiments 
with  pulsed  and  continuous  noise  showed  only  small  differences,  and  if 
anything  the  pulsed  noise  had  a  smaller  jamming  effect  even  though  the 
off  periods  lasted  only  one  to  three  milliseconds.   The  bats  could  also 
dodge  wires  much  better  after  a  restriction  of  the  frequency  band  of  the 
noise  that  left  unmasked  part  of  the  two  octave  band  through  which  their 
orientation  sounds  were  sweeping. 
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We  compared  the  results  of  experiments  in  our  most  effective  jamming 
noise  with  predictions  based  on  signal  detection  theory,  and  at  the  out- 
set we  assumed  to  simplify  calculations  that  the  air  between  echoing  wire 
and  listening  bat  was  a  single  communication  channel.   But  the  bats  de- 
tected wires  about  one  tenth  wavelength  in  diameter  more  successfully  than 
is  possible  even  for  the  "ideal  detector"  of  signal  detection  theory!1 
When  the  noise  was  sufficiently  intense  that  it  completely  masked  their 
whole  frequency  band,  the  bats  turned  to  one  final  behavioral  device  which 
I  failed  at  first  to  appreciate.   In  these  jamming  experiments  the  bats 
were  forced  to  fly  from  end  to  end  of  a  two  by  five  meter  flight  chamber 
irradiated  by  noise  from  two  arrays  of  loudspeakers,  one  at  each  end 
When  the  noise  was  not  too  troublesome  (even  though  on  our  oscilloscope 
the  emitted  pulses  barely  rose  above  the  noise)  the  bats  flew  almost 
straight  towards  the  ends  of  the  flight  space,  dodging  most  of  the  wires 
as  they  would  in  the  quiet.   But  when  the  noise  became  truly  difficult 
they  began  to  fly  in  zig-zag  patterns  and  approached  the  wires  so  that 
wire  echoes  and  jamming  noise  came  from  different  directions.   Its  second 
ear  allows  the  bat  to  compare  the  complexes  of  echo  plus  noise  arriving 
over  two  channels  and  on  this  basis  to  detect  faint  echo  signals  other- 
wise hopelessly  lost  in  the  noise.   One  can  draw  an  analogy  here  to  the 
use  of  interferometry  in  detecting  faint  signals,  except  that  these  bats 
use  brief  pulses  that  produce  non-overlapping  echoes.   Thus  phase  com- 
parison in  the  usual  sense  is  not  available  to  them.   But  their  neural 
processing  must  achieve  comparable  precision  in  selecting  any  available 
kinds  of  information  that  signal  the  presence  of  important  small  targets. 
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Having  satisfied  ourselves  that  the  ability  of  bats  to  resist  jam- 
ming could  be  reconciled  with  signal  detection  theory,  I  and  several 
colleagues  have  turned  in  recent  years  to  another  type  of  orientation 
behavior  in  which  bats  appear  to  be  incredibly  oroficient.   While  we 
lack  any  useful  data  on  the  selective  capture  or  rejection  of  different 
kinds  of  insects  under  natural  conditions,  Suthers  (1965)  has  shown  that 
the  fish  catching  bat  Noctilio  leporijjuis  can  learn  to  find  food  that  is 
hidden  just  below  the  surface  of  the  water  by  echolocating  small  markers 
protruding  a  few  millimeters  into  the  air.   Contrary  to  some  lines  of 
speculation  that  appeared  plausible  before  Suther's  experiments  (Griffin. 
1958,  pp.  224-228)  these  bats  did  not  locate  motionless  and  wholly  sub- 
merged fish  except  by  chance.   But  some  of  the  markers  they  did  learn 
to  recognize  were  as  small  as  5  mm  lengths  of  wire  0.21  mm  in  diameter. 
Suthers  went  on  to  train  blinded  N.  leporinus  to  discriminate  between 
two  such  5  mm  marker. wires  spaced  20  mm  apart  from  a  single  slightly 
larger  wire.   A  control  experiment  with  two  identical  wires  sloping  in 
opposite  directions  yielded  completely  negative  results,  helping  assure 
that  cues  other  than  echoes  were  not  being  supplied  to  the  bats  inadver- 
tently.  The  echo  intensities  from  single  and  double  wires  were  very 
similar,  but  interference  patterns  produced  distinctive  directional  echo 
patterns.   Further  work  would  be  required  to  determine  whether  such  geo- 
metrical fluctuations  in  echo  pattern  are  actually  exploited  by  these 
or  other  bats. 

If  one  tosses  a  small  pebble  into  the  air  near  a  bat  that  is  for- 
aging for  insects,  the  pebble  will  often  be  approached  and  aDparently 
attacked.   Many  sorts  of  small  objects  may  elicit  pursuit  behavior^ 
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sometimes  with  full  catching  maneuvers.   The  occasional  hooking  of  a 
bat  by  a  fly  fisherman  is  more  easily  understood  in  view  of  Webster's 
electronic  flash  photographs  that  show  how  actively  the  tail  and  wing 
membranes  are  used  in  reaching  out  for  insect  prey  and  conveying  it  to 
the  animal's  mouth  (McCue ,  1961;  Webster  and  Griffin,  1962;  and  Webster, 
1963) .   When  wild  bats  chase  pebbles  or  when  a  captive  bat  accustomed 
to  catching  mealworms  tossed  up  into  a  flight  room  eagerly  pursues  a 
tennis  ball  larger  than  its  own  body  (Webster,  1963)  it  is  natural  to 
conclude  that  they  have  no  powers  of  discrimination.   When  first  ob- 
serving the  marked  changes  in  tempo  of  bats'  orientation  sounds  during 
normal  insect  hunting  under  natural  conditions  I  never  seriously  con- 
sidered the  possibility  of  target  discrimination.   Yet  we  must  recall 
our  total  ignorance  about  the  insects  that  are  caught,  and  still  less 
about  those  that  are  ignored  or  rejected.   Except  under  the  special 
conditions  where  captive  bats  have  been  induced  to  catch  selected  in- 
sects, it  is  seldom  possible  to  observe  the  insects  at  all.   We  can 
only  infer  that  an  insect  was  present  when  we  see  a  bat  execute  a  catch- 
ing maneuver  or  hear  the  acceleration  of  the  pulse  repetition  rate  of 
its  orientation  sounds.   To  be  sure  Poulton  (1929)  analyzed  the  relative 
abundance  of  various  species  of  moths  in  the  piles  of  discarded  wings 
under  night  roosts  of  Plecotus  auritus,  but  some  or  all  of  the  selection 
might  have  resulted  from  the  bat's  dropping  or  otherwise  discarding 
certain  moths  after  capture,  rather  than  carrying  them  back  to  a  roost- 
ing place  to  be  devoured. 

Webster's  success  in  training  Vespertiliodid  bats  such  as  Myotis 
lucifugus  to  catch  mealworms  tossed  into  the  air  allowed  us  to  carry 
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out  extensive  studies  of  target  discrimination  under  these  somewhat 
articifial  conditions  (Griffin,  Friend,  and  Webster,  1965).   However 
far  tossed  mealworms  may  depart  from  any  natural  food  or  echolocation 
targets,  it  seems  likely  that  the  same  adaptable  hunting  tactics  and 
neural  mechanisms  were  called  into  play  as  those  that  these  bats  have 
perfected  for  catching  their  food  under  natural  conditions.   We  started 
with  bats  that  had  become  so  adept  at  catching  mealworms  that  they 
almost  never  missed  when  hungry  and  when  the  larva  was  orojected  into 
space  accessible  to  them.   When  inedible  targets  were  first  substituted 
for  the  expected  mealworm  almost  anything  was  caught,  or  at  least 
catching  maneuvers  were  nearly  the  same  up  to  the  stage  of  actual  contact 
with  the  wing  or  tail  membranes.   We  could  easilv  have  become  discouraged 
and  concluded  from  the  first  few  days'  attenrots  that  the  bats  could  merely 
detect  the  presence  and  location  of  a  small  object  but  could  not  tell 
whether  it  was  a  mealworm,  a  piece  of  chalk,  a  marble,  rubber  band,  or 
small  coin.   Only  because  Webster  noticed  that  the  hungriest  bats  did 
better  than  chance  did  we  persist  until,  after  several  days,  certain 
bats  succeeded  to  varying  degrees.   The  first  extensive  series  of  controlled 
experiments  were  those  of  Webster  and  Durlach  (1963),  in  which  a  series 
of  spheres  were  interspersed  one  at  a  time  in  a  series  of  mealworms. 
The  largest  and  smallest  spheres  were  either  rejected  initially  or  after 
short  learning  periods ,  but  spheres  three  to  eight  mm  in  diameter  required 
many  days  of  experience  before  the  bats  consistently  rejected  80  to  100% 
of  the  spheres  while  catching  an  equally  large  proportion  of  the 
mealworms . 
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Various  other  targets  were  studied  in  a  limited  extent,  and  thev 
were  offered  to  the  bats  either  simultaneously  with  one  or  more  meal- 
worms, or  sequentially  interspersed  on  irregular  schedules  one  at  a 
time  so  that  the  bat  could  not  predict  whether  an  edible  or  inedible 
target  was  next  on  our  agenda.   The  results  that  seemed  of  greatest 
interest  are  already  published  in  some  detail  (Griffin,  Friend,  and 
Webster,  1965)  and  hence  the  following  discussion  will  avoid  duplicating 
that  paper,  of  which  reprints  are  being  furnished  to  those  directly  con- 
cerned with  the  discussion  of  the  present  paper.   Two  basic  points  merit 
elaboration,  however,  before  discussing  the  apparently  incredible 
nature  of  the  bats'  performance.   First,  these  bats  had  learned  to  solve 
this  particular  discrimination  problem  during  many  days  or  even  weeks 
of  dealing  with  a  hopelessly  artificial  situation.   But  it  seems  to  me 
at  least  probable  that  the  neural  mechanisms  in  bats  that  are  capable 
of  learning  to  discriminate  mealworms  from  disks  can  also  learn  to 
distinguish  between  edible  and  inedible  targets  under  natural  conditions, 
The. second  point  is  that  the  experienced  bats  made  their  choices  at 
least  as  far  from  the  targets  as  40  or  50  cm,  and  did  so  before  their 
orientation  sounds  had  changed  from  what  I  and  others  have  called  the 
search  phase.   Specifically,  the  decision  to  catch  or  reject  was  made 
on  the  basis  of  echoes  from  the  cruising  tvne  pulses  that  sweep  from 
about  100  to  40  kc/sec.  in  a  pulse  duration  of  about  two  milliseconds. 
The  much  shorter,  lower  frequency,  and  much  more  rapidly  repeated  pulses 
of  the  terminal  phase  of  "buzz"  must  serve  some  other 
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function  than  identification  of  the  target  as  appropriate  for  capture 
or  rejection  —  at  least  under  the  conditions  of  these  experiments. 

We  were  able  to  obtain  partly  but  not  wholly  satisfactory  physical 
measurements  of  the  echoes  from  mealworms  and  the  disks  used  in  these 
experiments  as  a  function  of  angular  orientation  of  the  target  with 
respect  to  the  direction  of  sound  incidence.   Similar  measurements  have 
been  reported  by  Dreher  at  a  conference  in  New  York  in  April  1965 
(Dreher,  1966).   He  used  sounds  of  longer  wavelengths  and  targets  of 
larger  size  and  different  shapes  (cubes,  spheres,  cylinders,  and  pyra- 
mids).  Instead  of  FM  pulses  he  used  a  band  of  random  noise  almost 
seven  octaves  wide,  then  analyzed  the  echoes  of  this  noise  into  32  bands 
of  equal  width.   A  comparison  of  the  relative  echo  intensities  in  these 
various  bands  showed  some  variation,  and  "echo  signatures"  which  were 
not  easily  distinguishable  even  when  each  aspect  as  well  as  each  target 
was  considered  as  a  separate  species  of  echo.   In  studying  Dreher' s 
data  I  can  see  no  way  in  which  cubes  could  be  reliably  distinguished 
from  spheres  or  pyramids  without  prior  knowledge  of  the  orientation  of 
the  target  (base  or  edge  toward  the  microphone,  or  intermediate  positions) 

The  bats  in  our  experiments  lacked  any  basis  on  which  to  determine 
the  target  orientation  of  mealworm  or  disk.   They  simply  heard  a  series 
of  echoes  which  they  were  able  to  classify  into  two  categories:   "to  be 
caught"  and  "not  to  be  caught"  and  this  classification  was  about  90% 
accurate.   When  we  measured  target  echoes  by  setting  up  an  "imitation 
bat"  basically  similar  to  Dreher' s  apparatus  except  that  we  used  as 
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Fig.  2.    Echoes  of  artificially  generated  frequency  modulated  pulses  of  sound 
closely  resembling  the  orientation  sounds  of  Myotis  lucifugus.    Amplitude  scales 
are  in  arbitrary  units,  but  these  are  consistent  throughout  Figs.  2  to  8.    The 
"Maximum  echo"  was  obtained  from  a  sheet  of  stiff  cardboard  larger  than  the 
projected  beam  of  sound  adjusted  to  give  maximum  echo  amplitude.    Relative 
echo  amplitudes  discussed  in  the  text  and  plotted  in  Figs.  5  to  8  were  measured 
directly  from  cathode  ray  oscillograph  records  such  as  Fig.  2.    For  mealworms 
the  designation  of  0°  was  arbitrary. 
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nearly  as  practicable  the  same  wavelengths,  frequency  sweep,  and  pulse 
duration  as  those  actually  employed  by  our  bats  to  discriminate  between 
the  same  targets.   Working  in  an  anechoic  room,  Dreher  used  330  msec, 
pulses  which  overlapped  extensively  in  time  with  the  echoes  from  his 
test  targets ,  although  presumably  the  sound  absorbant  walls  greatly  re- 
duced the  direct  signal  from  loudspeaker  to  microphone.   We  used  pulses 
one  or  two  milliseconds  long  at  sufficient  distances  that  there  was  no 
overlap  between  emitted  pulse  and  returning  echo.   We  found  in  prelim- 
inary measurements  that  constant  frequency  pulses  yielded  echoes  that 
fluctuated  enormously  with  minute  changes  in  frequency  or  target  orien- 
tation, due  to  interference  patterns.   FM  pulses  showed  smoother  vari- 
ations without  gross  nulls,  and  presumably  noise  pulses  would  behave 
similarly.   This  may  be  an  important  reason  why  so  many  bats  use  FM  or 
other  types  of  broad  band  sonar  signals.   We  presented  data  on  the 
variation  of  echo  level  with  target  orientation  from  one  typical  case, 
(Fig.  3)  and  ranges  of  echo  intensity  variation  for  ten  bands  each 
eight  kc  wide  (Fig.  2).   Graphs  similar  to  Fig.  3  for  the  other  fre- 
quency bands  showed  equal  or  greater  overlap  in  echo  intensity  between 
mealworms  and  disks. 

Freedman  (1962a,  1962b,  1963)  has  devoted  considerable  attention 
to  the  theory  of  echo  formation,  but  he  deals  primarily  with  cases  where 
the  dimensions  and  radii  of  curvature  of  the  targets  are  considerably 
greater  than  one  wavelength.   Bats  work  with  wavelengths  that  approxi- 
mate the  dimensions  of  important  targets.   The  theory  of  echo  formation 
in  this  twilight  zone  between  geometrical  optics  and  scattering  of  waves 
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by  objects  much  smaller  than  one  wavelength  seems  to  be  complex  and  obscure. 
While  somewhat  repugnant  to  the  orderly  thinking  preferred  by  physical 
scientists,  we  may  be  forced  to  analyze  the  anatomy  of  complex  echoes  if  we 
wish  to  understand  the  successes  of  bats,  cetaceans,  or  other  animals  that 
have  become  highly  adapted  for  a  life  dependent  on  active  sonar. 

The  "fine  structure"  of  echoes 

As  a  first  step  towards  ascertaining  which  properties  of  echoes  are 
used  by  bats  to  distinguish  between  similar  targets  I  have  recently  analyzed 
in  greater  detail  the  measurements  of  mealworm  and  disk  echoes  discussed 
above.   Adequate  cues  for  the  discrimination  actually  demonstrated  by  the 
bats  do  in  fact  appear  to  be  present  in  the  patterns  of  echo  spectra. 

It  is  important  to  realize  that  these  discriminations  are  difficult 
achievements  that  a  bat  must  learn.   A  typical  learning  curve  is  shown  in 
Fig.  1. 

In  these  measurements  the  targets  had  been  suspended  by  very  fine  wires 
from  a  large  C  shaped  frame  so  that  frequency  modulated  pulses  of  sound  very 
similar  to  those  used  by  our  bats  impinged  on  the  target  and  returned  echoes 
to  a  microphone  about  15°  to  one  side  of  the  loudspeaker.   This  angular 
separation  was  the  smallest  practicable  with  available  equipment,  but  it 
considerably  exceeded  the  comparable  angle  between  a  bat's  mouth  and  ears. 
This  degree  of  approximation  to  natural  conditions  appears  adequate  in  the 
present  state  of  our  knowledge  (or  better,  our  ignorance) ;  but  in  future 
improvements  on  these  experiments  the  physical  acoustics  of  the  bat's  head 
should  be  copied  more  faithfully.   Echoes  from  the  frame  and  the  bare  wires 
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were  below  noise  level.   The  frame  was  so  mounted  that  the  target  could  be 
rotated  without  moving  it  enough  to  alter  appreciably  the  echo  of  a  spherical 
test  target  of  comparable  size. 

The  echoes  were  photographed  from  a  cathode  ray  oscilloscope  and  com- 
pared with  what  I  have  called  the  "maximum"  echo  obtained  with  the  same 
apparatus  when  the  target  was  replaced  by  a  large  surface  of  hard  cardboard 
oriented  roughly  perpendicular  to  the  sound  beam  and  adjusted  to  give  the 
maximum  possible  echo  intensity.   Such  a  maximum  echo  is  shown  in  the  top 
trace  of  Fig.  2;  frequency  is  plotted  horizontally,  decreasing  from  left  to 
right  as  a  function  of  time.   Each  pulse  had  a  duration  of  1.9  msec,  thus 
approximating  the  duration  and  rate  of  frequency  sweep  of  the  actual  orien- 
tation sounds  of  the  bats  that  made  the  actual  discriminations.   Immediately 
below  the  maximum  echo  are  echoes  from  a  mealworm  in  three  angular  orien- 
tations that  demonstrate  a  characteristic  variation  of  echo  anatomy.   Zero 
degrees  was  an  approximate  optimum  angle  giving  a  strong  echo  at  most 
frequencies.   From  0°  to  11°  the  two  peaks  shifted  to  distinctly  lower 
frequencies  and  dropped  somewhat  in  amplitude,  but  in  the  next  five  degrees 
of  rotation  the  high  frequency  peak  grew  in  amplitude  and  shifted  back  to 
higher  frequencies.   For  a  0.5  X  6.3  mm  disk  the  echo  variation  was  more  rapid 
with  respect  to  intensity  but  somewhat  smoother  with  frequency,  as  exempli- 
fied by  the  records  for  0°  and  31°  in  Fig.  3.   The  change  between  these  two 
angles  was  relatively  gradual,  but  between  31°  and  36°  a  null  developed  at 
about  60  kc  (the  noise  level  was  about  30  of  the  arbitrary  units  of  these 
graphs).   A  third  typical  example  of  the  variation  of  echo  with  frequency 
and  target  orientation  is  shown  in  Fig.  4. 


290 


90 


70 


50 


30 


-30c 


c 
o 

0° 

o 

c 
o 

+  30° 
+  60° 

o 

+  90° 

+  120* 


■ .  igg  w.^.ftpg?:; :  :^y>^Vv'::'->^v 


IlllP%l£i;;;if# 


30c 


+  30° 


+  60c 


-+120° 


90 


Vertically  curled 
mealworm 


70  50 

Frequency  (kc/sec) 


30 


-20  to -29     -30  to -39     -40  to -49    -50  to -59      -60  to -69     -70  to -79 

Relative  echo  intensity  (db) 

Fig.  5.     Contour  plot  of  relative  echo  amplitudes  for  a  mealworm  curled  vertically, 
as  a  function  of  frequency  and  target  orientation. 


•I20< 


i-       +60c 


■120° 


180° 


Horizontally  curled 
mealworm 


80 


80  60 

Frequency  (kc/sec) 


40 


1              1              i             1              1              1              1 

^^^^^^B            :^^^^ 

\\\X^^^^^ 

^^^^ 

^vvyflBKXpsK^^ 

^^^^^^^» 

■Jl 

40 


0° 


■120' 


+  180' 


Fig.  6.    Contour  plot  of  relative  echo  amplitudes  for  a  mealworm  curled  horizontally. 
The  amplitude  intervals  are  the  same  as  in  Fig.  5. 


291 


It  would  ovbiously  be  helpful  to  visualize  the  full  pattern  available 
to  the  bat's  auditory  system,  and  hence  the  oscilloscope  was  photographed 
at  all  apparent  maxima  and  minima  and  whenever  a  change  in  echo  spectrum 
appeared  to  have  developed  as  the  target  was  gradually  rotated.   From  these 
photographs  the  echo  level  was  measured  in  decibels  relative  to  the  maximum 
echo,  at  intervals  of  2  kHz  from  96  to  26  kHz.   The  resulting  numerical  data 
were  then  tabulated  with  frequency  horizontal  and  angular  orientation  of  the 
target  vertical.   The  resulting  tables  were  of  course  unwieldy,  having 
approximately  30  rows  and  columns.   One  convenient  method  of  visualizing 
such  a  mass  of  data  is  a  contour  map  in  which  a  given  range  of  echo  inten- 
sities is  represented  in  the  same  manner  that  conventional  contour  maps 
represent  land  between  certain  limits  of  elevation  above  sea  level. 

Such  an  "echo  contour  map"  for  a  mealworm  is  presented  in  Fig.  5,  with 
each  shaded  area  representing  a  ten  decibel  range  of  echo  intensity,  relative 
to  the  maximum  echo  described  above.   Frequency  is  plotted  horizontally  just 
as  in  the  oscillograms  of  Figs.  2  to  4.   The  vertical  ordinate  is  the 
angular  orientation  of  the  mealworm  over  a  range  of  roughly  180°.   The  shading 
of  the  various  areas  represent  the  echo  intensity,  the  strongest  echoes 
being  shown  by  white,  next  most  intense  by  light  gray  and  so  on  through 
darker  grays,  and  finally  black  for  the  minimum  measurable  echoes.  Within 
each  ten  decibel  area  there  were  of  course  many  minor  hills  and  valleys, 
and  in  future  analyses  of  this  type  a  careful  choice  of  contour  interval 
might  bring  out  a  more  accurate  rendition  of  echo  anatomy. 

It  may  well  be  asked  whether  such  a  contour  map  has  any  relevance  to 
the  actual  processes  in  a  bat's  brain  by  which  echoes  are  analyzed.  We  know 
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from  the  neurophysiological  experiments  of  Grinnell  and  Suga  that  action 
potentials  from  the  brains  of  anaesthetized  bats  show  differential  responses 
to  frequency  and  intensity  that  are  more  than  sufficient  to  analyze  echoes 
with  the  degree  of  resolution  displayed  in  this  contour  map.  Indeed  tono- 
typic  organization  of  the  mammalian  auditory  system  at  several  levels  is 
well  established,  so  that  we  can  even  imagine  a  neural  surface  in  which 
evoked  potential  amplitude  would  vary  in  some  such  way. 

But  having  accepted  echo  contour  maps  such  as  Fig.  5  as  graphic  repre- 
sentations of  stimulus  properties  that  could  be  analyzed  by  a  bat's  brain, 
we  must  face  two  serious  limitations  of  available  data  of  this  kind.  The 
first  is  the  fact  that  only  a  part  of  the  vertically  plotted  range  of  target 
orientations  would  be  available  to  a  bat  in  the  fraction  of  a  second  between 
hearing  the  first  echo  and  committing  itself  to  attack  or  ignore  a  given 
target.  Any  one  FM  echo  would  be  represented  by  a  line  or  very  narrow 
horizontal  band  across  one  of  these  contour  maps.  The  targets  certainly 
turned  and  tumbled  as  they  rose  and  fell,  as  shown  in  several  multiple  flash 
photographs  taken  during  the  experiments,  but  the  rate  and  extent  of  angular 
change  were  not  at  all  adequately  measured  in  a  sufficient  number  of  specific 
cases  when  other  relevant  events  were  simultaneously  recorded  with  the 
necessary  accuracy.  My  best  guess  is  that  in  most  cases  roughly  60°  of  target 
rotation  would  have  been  covered  by  successive  echoes  before  the  bat  began 
its  reaction  of  attack  or  avoidance. 

A  second  dilemma  is  presented  by  the  irregular  geometry  and  echoing 
cross  section  of  mealworms.  When  straight  they  approximate  cylinders  and 
those  used  in  these  experiments  were  2  to  3  mm  in  diameter  and  16  to  23  mm 
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Fig.  7.    Contour  plot  of  relative  echo  amplitudes  for  a  0.5  X  6.3  mm  disk, 
amplitude  intervals  are  the  same  as  in  Fig.  5. 
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in  length.   But  they  very  often  curled  their  bodies  to  varying  degrees,  and 
the  echo  varied  considerably  with  the  degree  of  curl  and  the  orientation  of 
the  plane  of  curling.   For  our  most  extensive  echo  measurements  a  typical 
degree  of  curling  was  selected,  and  a  typical  mealworm  was  held  either  with 
the  plane  of  curling  horizontal  or  vertical.   Since  our  artificial  bat-like 
sounds  were  projected  horizontally,  the  horizontally  curled  mealworms  pre- 
sented a  more  nearly  constant  cross-section  and  their  echoes  were  usually 
weaker.   Fig.  6  shows  a  contour  map  similar  to  Fig.  5,  but  for  horizontally 
curled  mealworms  rotated  about  an  axis  lying  in  the  plane  of  curl  and  passing 
roughly  through  the  center  of  the  body.   Again  the  approaching  bat  might 
have  available  for  analysis  an  arbitrary  sample  of  roughly  60°  out  of  such 
a  contour  map  as  Fig.  5  or  6.   But  it  is  most  important  to  remember  that 
these  are  merely  arbitrary  samples  from  a  large  population  of  echo  contour 
maps  —  a  sample  far  from  sufficient  to  characterize  reliably  mealworm 
echoes  even  under  the  restricted  conditions  of  our  experiments.  Yet  real 
echoes  of  flying  insects  encountered  under  natural  conditions  must  vary 
even  more  widely,  as  measured  by  Roeder  (1963).   The  moving  wings  of  natural 
targets  may  well  give  them  highly  characteristic  though  equally  hetero- 
geneous echo  contour  patterns. 

Disk  echoes  are  shown  in  the  same  way  in  Figs.  7  and  8.   They  too  are 
complex  patterns,  but  unlike  mealworn  echoes,  or  those  from  flying  insects, 
they  have  a  regular  pattern  of  repetition  every  90°  of  rotation,  and  all 
axes  of  rotation  give  the  same  echo  pattern,  whereas  flying  insects  must 
yield  echoes  that  vary  extensively  not  only  with  wing  movements  but  almost  as 
much  with  body  orientation  relative  to  the  direction  from  which  the  bat's 
orientation  sounds  arrive. 
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In  studying  these  echo  contour  maps  it  is  tempting  to  imagine  that  one 
can  discern  a  "diskishness"  common  to  Figs.  6  and  7,  as  contrasted  to 
"mealwormishness"  in  Figs.  4  and  5.   But  in  view  of  the  limitations  discussed 
above,  such  qualitative  judgments  are  highly  questionable.   There  is,  however, 
one  simple  criterion  that  might  be  applied  both  by  zoologists  and  by  the  bats. 
This  is  the  rate  of  variation  of  echo  level  with  target  orientation  or  with 
frequency.   Perhaps  disk  echoes  are  smoothly  and  monotonously  rolling  sur- 
faces like  the  tops  of  stratocumulus  clouds  viewed  from  an  airplane  window 
while  mealworm  echoes  may  resemble  the  ragged  and  chaotic  landscape  of  the 
moon.   If  this  were  the  bat's  criterion,  a  simple  average  of  echo  variation 
with  target  orientation,  or  with  frequency,  might  show  a  sufficiently  con- 
sistent difference  to  allow  mealworms  to  be  discriminated  from  disks  as 
accurately  as  the  bats  actually  did  demonstrate  that  they  could  do.   The 
large  table  on  which  Figs.  4  to  7  were  based  was  used  to  compute  the  average 
of  the  changes  in  echo  level  between  adjacent  rows  and  columns.   The  results 
of  this  averaging  are  listed  in  Table  1.   Judging  by  our  limited  sample  of 
mealworm  echo  contours,  it  is  interesting  to  note  that  the  average  angular 
variation  of  echo  level  would  be  grossly  unreliable,  but  that  the  average 
variation  with  frequency  does  appear  to  provide  an  adequate  criterion  (disks 
0.70  and  0.90  versus  horizontally  and  vertically  curled  mealworms  0.97  and 
0.99  dB  per  kHz  respectively).  Thus  a  bat  might  be  imagined  to  judge  as  edible 
those  targets  whose  echoes  varied  with  frequency  by  more  than  0.95  dB  per  kHz, 
while  rejecting  targets  with  smaller  average  variation  values.  Of  course  it 
is  frequency  that  is  systematically  scanned  by  each  pulse. 
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.While  this  explanation  seems  as  good  as  any,  my  principal  conclusion  is 
that  these  measurements  should  he  considered  provocative  rather  than  satisfying, 
Their  chief  value  is  to  help  clarify  what  sorts  of  improved  experiments  and 
measurements  are  called  for  in  the  future. 


Table  1.   Average  variation  in  echo  intensity  of  mealworms  and  disks  as  a 
function  of  frequency  and  of  target  orientation.  The  frequency  intervals 
were  in  all  cases  2  kHz.  Target  angle  intervals  were  variable,  "but  most 
were  about  10  degrees.   Since  maxima  and  minima  were  especially  selected 
for  photography  of  the  cathode  ray  oscilloscope,  there  is  some  "bias  in  the 
data  favoring  sharp  shifts  in  echo  amplitude  with  target  orientation.  Such 
a  bias  would  tend  to  increase  the  average  values  slightly  compared  with  an 
analysis  based  on  equal  angular  intervals. 


Target 

Thick  disk  (12.5  X  3.0  mm) 
Thin  disk   (6.3  X  0.5  mm) 

Vertically  curled  mealworm 
Horizontally  curled  mealworm 


Average  change 

in  echo  level 

per  degree 

change  in  target 

orientation  (dB) 

Average  change 
in  echo  level 
per  kHz  change 
in  frequency  (dB) 

0.83 

0.90 

O.kk 

0.70 

0.71 

0.99 

0.30 

0.97 
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Abstract 


Myotis  lucifugus  trained  to  catch  mealworms  tossed  into  the  air  can  "be 
further  trained  to  discriminate  by  echolocation  between  a  roughly  cylindrical 
mealworm  and  a  disk  of  similar  dimensions.  The  previous  analysis  of  the  echoes 
from  these  targets  reported  by  Griffin,  Friend,  and  Webster  (J.  Exptl.  Zoology, 
158.,  155  -  168,  1965)  showed  extensive  overlapping  in  echo  intensity  between  the 
echoes  of  disks  and  mealworms  at  all  frequencies  employed  by  these  bats 
(25  to  100  kHz).  These  measurements  have  been  extended  to  include  three 
dimensional  plots  of  echo  intensity  as  a  function  of  frequency  and  target 
orientation  relative  to  the  direction  of  incident  sound.  While  the  available 
data  are  limited  to  two  arbitrary  degrees  of  curling  of  the  mealworm,  they 
suggest  that  the  pattern  of  echo  variation  with  changing  target  orientation 
may  provide  the  type  of  acoustic  fine  structure  by  which  the  bat  can  identify 
such  targets. 
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DISCUSSION 

by 
R.S.  MACKAY 


One  cannot  criticize  an  excellent  summary  such  as  this,  but  a  few 
points  were  brought  to  mind  for  discussion.  The  frequency  modulated 
or  "chirp"  pattern  of  frequencies  in  the  echo-ranging  sounds  has  been 
mentioned.  Especially  when  the  outgoing  and  returning  pulses  overlap, 
it  is  tempting  to  ascribe  the  reason  for  this  frequency  modulation  to 
ranging  schemes  in  which  frequency  scanning  to  a  "resonant"  condition 
exists,  or  else  a  frequency  differing  process  could  indicate  range.  But 
such  a  process  could  also  serve  quite  a  different  purpose.  One  normally 
thinks  of  a  sharp  pulse  being  used  to  indicate  range  in  an  echo  location 
process  in  order  to  define  time  intervals  sharply.  If  this  sharp  pulse 
is  run  through  a  dispersive  filter,  then  out  will  come  an  extended  pulse 
containing  a  succession  of  frequencies,  or  a  chirp.  This  chirp  can  be 
emitted  from  a  transducer  that  radiates  sound.  This  sound  signal  can 
later  be  collected  ,  transduced,  and  run  back  through  a  corresponding 
filter  to  reconstitute  a  sharp  pulse  well  defined  in  time.  (The  pulse 
duration  can  be  longer  than  the  transit  time).  The  point  of  this  pro- 
cedure is  that  the  sound  producing  mechanism  is  able  to  radiate  a  con- 
siderable amount  of  energy  with  a  much  lower  peak  power.  Thus  in  a 
demanding  situation,  such  a  procedure  might  yield  an  improved  signal 
"without  straining  the  vocal  cords",  i.e.  one  can  obtain  more  energy 
in  a  power- limited  system.  Note  also  that  the  range  of  intensities  to 
which  the  sound  sensing  mechanism  is  exposed  is  also  reduced  by  spreading 
a  given  energy  signal  over  a  longer  period,  and  thus  the  possibility  of 
linear  functioning  is  increased.  Physiological  mechanisms  to  perform  such 
an  anlysis  can  certainly  be  imagined,  and  such  an  explanation  for  these 
procedures  should  not  be  ignored. 

As  Dr.  Griffin  has  noted,  the  wavelengths  employed  approximate  the 
dimensions  of  the  insects  being  pursued  (whether  one  considers  the 
velocity  of  sound  in  air  or  in  tissue,  this  is  approximately  true).  Thus 
the  bat  may  sweep  frequency  to  produce  resonances  in  its  target;  if 
nothing  else,  this  could  strengthen  the  return  signal  and  give  further 
information  about  target  size.  Such  a  procedure  might  be  considered 
as  equivalent  in  the  case  of  vision  to  looking  at  an  object  with  a 
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particular  color  of  light,  scanned  to  bring  out  a  particular  property. 

The  necessity  for  continuously  recording  the  position  of  a  sub- 
ject has  been  emphasized.  A  number  of  possibilities  suggest  themselves, 
and  the  one  of  choice  probably  depends  upon  the  amount  of  such  analysis 
that  is  to  be  done.  For  limited  experiments,  the  laborious  task  of 
analyzing  motion  pictures  frame -by- frame  is  probably  justified  rather 
than  making  a  big  expenditure  on  special  equipment.  If  much  work  is  to 
be  done,  then  some  alternative  is  justified.  Though  many  species  of  bat 
are  quite  small,  a  high  frequency  tunnel  diode  oscillator  could  be 
carried  by  most;  phase  comparison  at  several  radio  receivers  would  then 
allow  exact  localization.  One  could  instead  place  several  oscillators 
around  the  room,  with  reflections  in  the  radio  pattern  giving  a  measure 
of  positon.  Most  of  the  familiar  schemes  of  radio  navigation  could  be 
considered  here,  at  appropriately  higher  frequencies.  One  would  probably 
prefer  not  to  use  sound  waves  in  such  observations  in  order  to  avoid 
interference  with  the  animals.  A  small  light  affixed  above  the  animal's 
back  could  probably  be  viewed  during  most  maneuvers  by  three  photo- 
multipliers  at  the  ceiling.  A  simple  comparison  circuit  would  then 
indicate  exact  position  because  of  the  inverse  square  law  giving  a 
ranging  action,  To  use  transit  time  effects  with  light  would  require 
very  precise  circuits  which  would  be  quite  expensive.  Perhaps  the  best 
system,  after  all,  is  to  take  motion  pictures  of  the  activity,  and  then 
analyze  these  as  automatically  as  is  justified.  Object  tracking  circuits 
can  be  built,  but  the  human  eye  is  really  a  very  good  tracking  device. 
Thus  a  person's  eyes  could  undoubtedly  accurately  follow  an  object  in  a 
moving  picture,  especially  one  already  once  seen.  Thus  the  electrical 
potentials  of  oculography  might  be  recorded  to  indicate  object  position 
while  a  subject  (with  head  fixed)  was  watching  a  motion  picture  of  the 
flight  experiments.  A  second  person  could  be  simultaneously  watching 
the  insect,  with  his  separate  potentials  recorded  appropriately. 

With  regard  to  the  fishing  bat,  I  wonder  if  Dr.  Griffin  has  any 
indication  if  the  bat  perhaps  senses  the  wake  of  moving  fish;  such  a 
wake  can  be  remarkably  persistent  once  generated. 
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It  was  noted  that  bats  work  with  wavelengths  that  approximate  the 
dimensions  of  important  targets.  It  is  perhaps  not  true  that  the  theory 
of  echo  formation  in  this  range  is  obscure,  though  in  any  particular 
ease,  the  details  may  be  more  complicated.  One  thing  can  be  said,  and 
that  is  that  the  magnitude  of  the  returned  signal  varies  greatly  with 
small  changes  in  object  dimension,  and  without  the  mono tonic  change 
as  a  function  of  size.  However,  even  this  could  be  useful  in  some 
cases.  Thus  a  motion  of  the  target  would  yield  a  large  change  in  the 
signal  returned  to  the  bat,  and  during  a  long  pulse,  target  shape 
might  be  indicated  by  the  temporal  pattern  of  intensity  changes  with 
changing  orientation.  Similarly,  the  wing  beat  of  flying  insects  might 
give  a  more  pronounced  signal  to  a  bat  using  a  frequency  whose  wave- 
length was  of  the  same  order  as  the  dimensions  of  the  insect's  wings. 
It  would  be  interesting  to  throw  up  test  targets  for  inspection  both 
tumbling  and  in  a  pure  translational  trajectory. 

I  am  pleased  that  the  role  of  two  ears  has  been  mentioned.  There  are 
a  number  of  cases  in  which  one  could  conceive  of  the  rejection  of  re- 
verberation from  a  true  signal  by  having  noise  phase  out  between  a  pair 
of  ears.  It  should  be  noted  that  there  is  even  some  acoustic  direction 
finding  ability  by  a  human  subject  in  water,  though  this  ability  is 
considerably  reduced  from  functioning  in  air,  and  thus  it  is  obvious 
that  aquatic  animals  could  use  similar  processes,  especially  with 
appropriate  isolation  of  two  or  more  hearing  organs. 
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DISCUSSION 

by 

W.  K.  GRIMLEY  and  E.  J.  RISNESS 


To  a  worker  in  the  sonar  field,  the  parallels  with  bat 
echolocation  are  remarkably  close.  In  both  instances  there  is 
an  initial  phase  of  search  and  classification,  for  which  broad- 
band signals  are  used  to  extract  the  utmost  information  about 
the  target.  Once  the  target  has  been  assessed  as  a  true  one, 
the  "tracking"  phase  is  entered.  Here  the  object  is  to  retain 
bearing  information,  and  for  this  purpose  a  very  short  pulse 
and  high  repetition  rate  are  used,  to  increase  both  the  data 
rate  and  the  signal-to-background  ratio.  Again,  in  both  fields, 
it  seems  that  target  manoeuvre  is  used  as  an  additional  and 
important  classification  clue.  It  would  seem  that  this  latter 
adequately  explains  the  observations  on  the  ability  of  the 
bat  to  discriminate  between  mealworms  and  other  objects.  The 
untrained  bat  relies  essentially  on  the  "flight-path"  of  the 
target  -  anything  that  rises  and  then  falls  will  be  attacked. 
With  experience,  he  learns  to  use  subtler  clues,  such  as  "echo 
quality".  There  is  a  very  close  analogy  here  with  the  behaviour 
of  human  sonar  operators. 

Finally,  in  both  fields  we  are  working  in  the  region  so 
aptly  described  by  the  author  as  the  "twilight  zone"  where 
neither  geometrical  optics  nor  large-wave lenght  approximations 
fully  apply,  and  sonar  research  workers,  as  much  as  the  bat 
investigators,  are  vitally  concerned  with  the  anatomy  of  complex 
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echoes. 

Some  details  in  the  paper  arouse  interest.  The  statement 
that  bats  are  better  than  "ideal  detectors"  is  surprising,  to 
say  the  least.  However,  it  is  understood  that,  when  directional 
effects  are  taken  into  account,  the  observed  detection  rate  is 
reconcilable  with  signal  detection  theory. 

Much  play  is  made  in  the  paper  of  the  fact  that  echoes 
are  generally  non- over lapping,  and  that  hence  such  features  as 
phase  correlation  and  Doppler  cannot  be  used.  The  argument 
appears  to  be  that  for  an  instrument  to  compare  non- over lapping 
pulses  it  would  be  necessary  to  introduce  time  delay  (ecg.  to 
produce  a  correlogram,  or  to  "mix"  the  signal  with  a  reverbant 
echo  to  estimate  Doppler).  It  is  not  clear,  however,  that  such 
physical  delays  are  necessary,  since  the  brain  has  a  memory 
(which  may  indeed  represent  a  real  delay  loop).  For  example, 
a  human  being  has  no  difficulty  in  assessing  the  frequency 
shift  between  two  widely  separated  pulses  -  indeed,  with  training, 
a  memory  of  pitch  can  be  extended  over  hours  or  days.  Similarly, 
it  is  not  impossible  that  a  comparison  o  f  pulse  shapes  might  be 
accomplished  by  a  feat  of  memory. 

On  the  instrumentation  side,  it  is  somewhat  surprising  that 
it  appears  to  have  been  so  difficult  to  use  a  multiple  receiver 
location  technique,  even  with  the  wide  variations  in  signal  level 
that  are  quoted.  The  difficulty  appears  to  lie  in  the  difficulty 
of  establishing  corresponding  points  on  the  echoes  received  at 
spaced  hydrophones,  so  that  time-differences  cannot  be  measured 
accurately.  One  would  not  have  expected  this  to  be  an  insuperable 
difficulty,  and  in  the  worst  case,  there  are  well  established 
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correlation  techniques  for  "lining  up"  pulses. 

The  recent  experimental  work  on  the  ability  of  the  bat  to 
discriminate  similar  targets  (discs  or  mealworms)  is  of  great 
interest.  Although  it  was  not  possible  to  record  the  echoes 
actually  heard  by  the  bat  while  making  this  discrimination, 
similar  echoes  were  recorded  separately.  It  would  be  of  some 
interest  to  see  whether  automatic  pattern  recognition  techniques, 
of  which  there  are  many  examples  today,  could  succeed  in  dis- 
tinguishing between  the  two  types  of  target  to  anything  like  the 
extent  achieved  by  the  bat.  The  comparatively  limited  amount  of 
information  in  an  acoustic  echo  (as  compared  with  visual  patterns, 
for  example)  may  ease  the  problem  of  finding  an  encoding  of  the 
data  suitable  for  such  pattern  recognition  techniques. 
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RESULTATS   METROLOGIQUES   EXPERIMENTAL^ 

DE   L'ECHOLOCATION 

CHEZ  LE    PHOCAENA    PH  OCA  EN  A, 

ET  LEUR  COMPARAISON 

AVEC   CEUX   DE   CERTAINES   CHAUVES-SOURIS 

par        *t 
R.G.   BUSNEL  et   A.   DZIEDZIC 


INTRODUCTION.- 

L' etude  comparative  de  l'echolocation  dans  le  regne  animal 
est  encore  a  faire,  faute  d'une  experimentation  systematique 
et  analogique  sur  les  differentes  especes  actuellement 
connues  qui  utilisent  ce  procede  de  detection.  Dans  ce 
travail,  nous  avons  voulu  jeter  les  premieres  bases  d'une 
telle  analyse,  en  nous  referant  d'une  part  a  nos  propres 
travaux  sur  un  Dauphin,  et  a  ceux  de  GRIFFIN  et  de  son  ecole 
sur  certaines  Chauves-Souris.  Les  protocoles  d1 experiences 
concus  independamment  par  les  deux  groupes  de  recherches 
ont  suffisamment  de  points  communs  entre  eux,  pour  que  cer- 
tains des  resultats  soient  rapproches  et  discutes  compara- 
tivement.  Ce  genre  d'approche  du  probleme  paraitra  peut-£tre 
un  peu  audacieux  a  certains  ;  nous  l1 avons  tente  et  nous 
pensons  qu'il  est  valable  pour  decouvrir  des  points  communs 
a  des  systemes  qui  utilisent  des  signaux  tres  differents  et 
dans  des  milieux  differents,  et  ce  afin  de  permettre  peut- 
§tre  l'atteinte  des  lois  physiques  et  mathematiques  communes 
aux  divers  systemes  d'echolocation  animaux.  Nous  sentons 
combien  il  pourrait  &tre  premature  d'en  tirer  des  conclusions 
definitives  mais  cet  essai  nous  a  paru  necessaire. 

Dans  une  premiere  partie,  on  comparera  le  seuil  de  detection 
des  obstacles,  et  dans  la  seconde,  on  comparera  1' etude  des 
variations  de  la  frequence  de  repetition  des  impulsions  en 
fonction  de  la  distance  animal-cible. 

Dans  une  autre  note,  l'un  d' entre  nous  developpera  un  certain 
nombre  de  considerations  mathematiques,  physiques  et  psycho- 
physiologiques,  se  rapportant  a  divers  aspects  de  ces  deux 
problemes. 


Travaux  principalement  entrepris  a  la  Station  Oceanographique  Anton  Bruun, 
STRIB,  Danemark  -  dependant  du  Laboratoire  d'Acoustique  Animale  de  l'Ecole 
Pratique  des  Hautes-Etudes,  avec  l'aide  de  -PI.N.R.A.,  du  C.N.R.S.,  de  la  D.R.M.E. 
(Contrat  n°  64-34092-00-480-75-01),  de  l'O.T.A.N.,  de  l'O.N.R.  (Contrat  n°  62555- 
3637)  et  de  l'Universite  de  Copenhague. 
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A.  -  Seuil  de  detection  d 'obstacles  filiformes  par 
Phocaena  phocaena. 

Comme  ceux  des  autres  Delphinidae,  les  signaux  d' echo loca- 
tion utilises  par  le  Phocaena  phocaena  sont  des  impulsions 
breves  a  spectres  de  bruit,  d'une  duree  de  1,2  ms,  en 
moyenne,  comprise  entre  1  et  3  ms. 

Par  ailleurs,  si  chez  de  nombreuses  especes  comme  le 
Tursiops  truncatus,  le  Delphinus  delphis,  les  Globicephales 
ou  le  Steno  bredanensis  par  exemple,  ce  spectre  de  frequence 
est  tres  large,  il  s'etend  en  effet  au  dela  de  200  kHz. 
chez  le  Steno  (14)  et  le  maximum  d'energie  des  impulsions  se 
trouve  centralise  entre  10  et  30  kHz.  Les  etudes  analytiques 
des  signaux  de  Phocaena  montrent  que  les  composantes  fre- 
quentielles  d'intensite  maximale  sont  comparativement  tres 
basses  puisqu'elles  se  situent  vers  2  kHz.  seulement,  et  la 
bande  totale  de  frequence  ne  semble  pas  depasser  quelques 
dizaine  de  kHz. 

Ces  divergences  de  structure  se  rencontrent  d 'ailleurs 
chez  d1 autres  especes  animales,  aeriennes  ou  terrestres  et 
a  titre  indicatif  on  a  regroupe  dans  le  tableau  1  et  pour 
certaines  d' entre  elles,  les  caracteristiques  principales 
des  signaux  d' echo location  qu' elles  utilisent. 

Actuellement,  il  apparait  que  dans  le  processus  qui  entre 
en  jeu  dans  1' echo location  utilisee  par  les  differentes 
especes  de  Mammiferes  marins,  la  largeur  et  la  density  du 
spectre,  aient  un  rQle  capital  dans  la  discrimination  a 
courte  distance  des  cibles  et  obstacles  de  faibles  dimen- 
sions et  qu1 elles  delimitent  le  seuil  de  leur  perception. 

Mais,  si  de  nombreuses  experiences  sur  le  pouvoir  de  locali- 
sation et  d'evitement  des  obstacles  ont  ete  realise"es  sur 
les  Chauves-Souris,  en  particulier  par  GRIFFIN  et  ses 
collaborateurs  d'une  part  (6-7-8),  MbHRES  d' autre  part  (11- 
12),  qui  ont  rapporte  des  resultats  precis  sur  le  seuil  de 
detection  de  certaines  especes  de  ces  animaux,  aucune 
experience  analogue  n'a  encore,  a  notre  connaissance,  £te 
realisee  sur  des  Delphinidae.  Seule  KELLOGG  (9-10)  et 
NORRIS  (13)  ont  aborde  ce  probleme  sur  le  Tursiops,  d'un 
point  de  vue  plus  global  et  sans  encore  avoir  rapporte  des 
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resultat  quantitatifs  sur  les  limites  de  discrimination  de 
ce  Dauphin. 

Pour  notre  part,  nous  avons  realise  ce  travail  sur  Phocaena 
phocaena,  qui  avec  son  systeme  a  relativement  faible  largeur 
de  bande,  apparaissait,  a  priori,  comme  devant  £tre  peu 
perfect ionne. 

Les  resultats  de  cette  etude  sont  rapportes  dans  la  presente 
note,  ils  montrent  qu'a  courte  distance  le  pouvoir  de 
perception  et  de  localisation  par  echolocation  seule  du 
Phocaena  est  tres  remarquable,  lui  permettant  d'eviter  des 
fils  dont  le  diametre  est  tres  inferieur  a  la  longueur 
d'onde  des  signaux  ayant  ete  enregistres  avec  notre  appareil- 
lage  dont  la  limite  superieure  etait  de  50  kHz.  (Tolana  - 
Type  ERM  850). 

Pro toco le  experimental 

Les  tests  ont  ete  faits  avec  une  femelle  adulte  de  35  kg. 
et  1,40  m.  de  long,  dans  un  bassin  rectangulaire  de  54  mZ   et 
1,20  m.  de  profondeur. 

Des  fils  de  1,50  m.  de  long  etaient  suspendus  a  5  glissieres 
disposees  parallelement  a  l'un  des  cdt6s  du  bassin,  a 
1,80  m.  au-dessus  de  la  surface;  la  distance  entre  chaque 
glissiere  etait  d'environ  1,50  m. ,  tandis  que  les  fils  de 
chaque  rangee  ainsi  constitute  etaient  distants  de  1  m.  les 
uns  des  autres.  Le  nombre  total  d1 obstacles  etait  de  30. 

Un  jeu  de  cordage  permettait  de  deplacer  horizontalement 
chacune  des  rangee s,  de  10  cm.  de  part  et  d* autre  d'une 
position  centrale,  et  d'immerger  verticalement  les  fils 
jusqu'a  ce  que  leur  extremite  inferieure  affleure  le  fond  du 
bassin. 


* 


Les  auteurs  remercient  vivement  MM.  S.  ANDERSEN,  E.  LESCOMBE  et  D.  RIVIERE  qui  ont 
grandement  contribue  a  la  realisation  de  ces  experiences. 
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Avant  1' experimentation,  on  aveuglait  l1 animal  par  des 
coupelles  en  caoutchouc  de  6,5  cm.  de  diametre  (technique 
de  NORRIS),  et  on  immergeait  les  fils  ainsi  que  4  gros 
obstacles,  2  flottants,  2  fixes;  ces  derniers  etaient 
destines  a  modifier  la  configuration  generale  du  bassin,  et 
desorienter  l1 animal.  L' ensemble  des  fils  immerges  formait 
une  figure  en  quinconce,  et  1' animal  laisse  libre  de  nager 
dans  le  bassin,  devait  louvoyer  pour  les  eviter. 

Deux  epreuves  journalieres  de  30  mn.  chacune  etaient  impo- 
sees  a  1' animal;  une  le  matin,  l1 autre  l'apres-midi;  pour 
chacune  d'elle  le  diametre  et  la  nature  des  fils  etaient 
constants,  mais  la  geometrie  de  la  position  des  obstacles 
etait  toujours  differente. 

Chaque  epreuve  complete  comportait  deux  phases,  la  premiere 
d1 environ  20  mn.  pendant  laquelle  l1 animal  etait  aveugle; 
la  seconde  d'une  duree  moindre,  10  mn.  environ,  pendant 
laquelle,  1 'animal  ayant  eu  ses  coupelles  enlevees,  se  depla- 
gait  en  utilisant  a  la  fois  ses  systemes  d' information 
auditif  et  visuel. 

Pendant  chaque  seance  on  enregistrait  d'une  part  sur  un 
magnetophone  Nagra  III  B,  les  emissions  sonores  de  1' animal, 
d' autre  part,  les  indications  de  l'observateur  qui  relevait 
les  evitements  ou  les  accrochages  des  obstacles  par  1' animal; 
pour  chaque  periode  de  travail  le  nombre  moyen  de  passages 
entre  obstacles  etait  d' environ  300.  Ces  bandes  ont  ensuite 
ete  depouillees  a  l'enregistreur  de  niveau  BrUel  et  Kjaer, 
ce  qui  a  permis  de  determiner  le  pourcentage  des  Evitements 
par  rapport  aux  accrochages,  c'est-a-dire  l'acuite  de 
detection  pour  des  obstacles  de  nature  et  de  diametres 
donnes,  separement  pour  1 'animal  aveugle  et  normal. 

On  a  ainsi  teste,  en  fonction  de  leur  diametre,  des  fils  de 
fer,  de  cuivre  et  d'acier  de  forte  densite,  respectivement 
7,8  -  8,9  -  7,7;  puis  des  fils  de  nylon  monobrins  et  de  per Ion 
torsades  tribrins,  dont  la  densite  est  voisine  de  celle  de 
l'eau  (1,09). 

Par  ailleurs,  on  a  determine  la  probabilite  de  rencontre 
des  obstacles  non  detectes,  en  plagant  les  reperes  a  quelques 
centimetres  au-dessus  de  la  surface  du  bassin,  et  en  notant 
chaque  passage  et  accrochage  qui  se  serait  produit  si  les 
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fils  avaient  ete  immerges  et  non  detectes  par  1' animal. 

RESULTATS 

1)  Comport ement  de  l1 animal  : 

Du  point  de  vue  comportemental,  il  convient  de  noter  que 
dans  toutes  les  phases  experimentales  ou  1' animal  n' etait 
pas  aveugle,  sa  vitesse  de  nage  etait  plus  grande  que  dans 
celles  ou  il  etait  contraint  d'utiliser  son  systeme  d'echo- 
location  seul.  On  a  pu  estimer  ainsi  que  sur  1' ensemble  des 
tests,  1 'animal  nageait  environ  2  fois  plus  vite  dans  les 
premiers  cas  que  dans  les  seconds. 

De  m§me,  dans  le  cas  d' utilisation  du  systeme  df echo location 
seul,  la  vitesse  de  nage  etait  plus  grande  lorsque  la  detec- 
tion etait  bonne,  tandis  que  lorsqu'elle  etait  d£fectueuse, 
1' experiment a teur  devait  encourager  frequemment  lf animal  a 
se  deplacer. 

2)  Niveaux  acoustiques  : 

Aucune  tentative  de  masquage  acoustique  n'a  ete  faite,  et, 
dans  l1 ensemble  des  tests,  le  niveau  general  du  bruit  de  fond 
du  bassin  a  gte  reduit  au  minimum,  par  la  suppression  de 
l'ecoulement  de  l'eau  et  les  bruits  exterieurs.  La  valeur 
moyenne  du  niveau  de  ce  bruit,  determinee  a  partir  des  enre- 
gistrements,  a  ete  de  l'ordre  de  35  dB  ref.  2.10"^  barye. 
L'intensite  des  signaux  £mis  par  l'animal  etait  gen£ralement 
constante,  de  l'ordre  de  70  dB  ref.  2.10~4  barye.  Toutefois, 
un  accroissement  d1 environ  30  dB  a  ete  remarque  frequemment 
lorsque  l'animal  accrochait  un  obstacle. 

Des  variations  dans  la  cadence  d' Amission  des  impulsions  ont 
ete  egalement  observees  lors  de  l'approche  des  obstacles  par 
l'animal. 

3)  Detection  des  obstacles  : 

Les  resultats  obtenus  montrent  que  dans* le  cas  des  fils 
metalliques,  le  pourcentage  des  evitements  par  rapport  aux 
accrochages  n'est  pas  modifie  par  la  nature  specif ique  du 
mgtal  utilise  ;  c'est-a-dire  que  pour  ces  materiaux  dont  la 
densite  relative  est  elevee  (superieur  a  7)  une  augmentation 
de  cette  derniere  de  1  g/cm^  n'apporte  pas  un  accroissement 
de  la  puissance  des  echos,  qui  soit  perceptible  par  l'animal. 


311 


'^""'^ 

CO 

CO 

O    CD           g 

c 

a 

en 

V£5     C              5 

•H 

CD 

<j- 

I       in    C  vo    g 

J-l 

CO          <^> 

/co 

cd  co  »H 

CO 

O          CM 

/CO 

/cd   >,r>.   x 

£ 

O            1 

CM 

1               O           CO 

J3            H 

m 

n 

i    o  e  /co  g 

CO 

(U          ^ 

i-4 

CM   ^          ^ 

cd 
}-l 

rH 

/0» 

co 

o'  " 

<4-l 

a. 

o 

•H 

O                 '-N 

o 

g 

CO            i-4 

/CO 

i—4 

/CO  <t 

cO 

}-i             1 

s 

3         a* 

o 

O 

H         ^ 

CN 

i—i 

O 

r^ 

1     /-s 

CO 

0)          /-> 

i—( 

/CO    CO    -H      g 

4-1 

M          <t 

•»  C    | 

c 

C        w 

/CO 

r-4     O     -H      g 

c- 

CO 

CD 

6 

I— ( 

H 

m 

O         w 

o 

>' 

x       <-> 

/CO 

a 

CD        m 

/to  o 

o 

H        ^ 

vO 

in  co 

!3 

O 

O 

r-  co 

I-* 

co 

CO 

co 

n 

CD 

o 

4J 

o" 

CD 

CO 

/-v 

CM 

a 

O 

CD 

CM 

i-l 

a 

00 

U 

1      CO  i-t 

m    cd 

U 

D    3     I 

/CO 

«  >, 

/CO 

CD 

O    4JH 

in    Q 

4-> 

CD  w 

m 

J, 

m 

CO 

CD 

CO 

vO 

U 

O 

/CD 

1 

o 

M-4 

o       /-> 

O 

i-l 

O 

•H 

co 

H      J)    CO 

O 

oo 

g 

■M 

O     CO    rH 

/CO    r-H 

/CO 

g 

c 

C    T3      1 

/CO 

Cfl 

CO 

•h  -h  r- 

in 

O 

s 

1— 1 
o 
> 

P6j     (X^ 

00 

■—I 

m 

vO 

1            i-l 

•H     CD      1 

O 

O 

■u    co  in 

CM 

vf 

O 

5-i  T>  H 

i— l 

CM 

CD    -H      1 

/CO 

ftfl*^ 

/<0 

/CO 

co    o     I    r«» 

1—1 

CD   "H   CO   i-l 

O 

CO 

>   r-H   ^     1 

en 

! 

1    /-^ 

1         U     ^N 

O 

O  vo 

i-4 

CD    C 

o                  i 

4J   w 

m    >% 

o^ 

CO 

/CO 

O 

/cO  m                     i 

X 

CD     CO 

g 

3 

4J    -H 

\o 

s_/ 

«d- 

CD 

CO     C 

co 

1             /""> 

1   <'"*» 

•H 

O    cd   vD 

in 

C     CD 

/co  O 

o 

i-l    -H    i-l 

CM     CD     C 

•-• 

i-l    r-4      ! 

/CO 

CO      >> 

in 

O    CD  vo 

o 

a   o  w 

<f 

E 

m 

CD 

c 

•O                               J 

CD 

o 

c 

CD    4-> 

•r-l 

CD     O 

o   c 

cd    co 

O    -H 

C     CO 

no  ^-4 

C    4J       • 

CD     CO 

P      • 

OJ    tI    N 

P     O 

cd    (X  co 

3  u  £ 

crvuS 

cr  a    • 

^  g  e 

vd  e  n 

MOW 

3  -      C 

H   HU     C 

h     OAI 

Qrl      0) 

fn     U     CD 

312 


, 

o 

1 
1 
1 

1     00 

1 

1 
1 
I  o 

i 

i 
i 

1     ON 

1     CM 

1     00 

T-t 

1     CM 

1  1-< 

1     CM 

1     r-l 

1 

1 

•4 

•+• 

CM 

I  o 

1 

1 

•> 

1     CM 

1 

1 

i-l 

1    r* 

1 

1 
1 

1 
1 

m 

1 
1 

1 
1 

1 

i  o 

CM 

1 

1 

1     ON 

n 

! 

1 

1     CO 

r-4 

1 

1 

i          ! 

<!■ 

1 

1 
1 

i 
i    in 

n 

1 

1 

1     00 

i-l 

1 

1 

i   in 

•« 

•< 

in 

i   r-. 

1 

i 

i  <t 

1 

i 

i-i 

i   i-i 

1        T-i 

1 
1 

i 

i 

vO 

1 

1 

1 
1 

i 

n 

1 

i   m 

l-l 

1 
1 

1 

i   <f 

i 

" 

;' 

00 

1 

1     CM 

1 

A 

1 

1  <t 

1 

i-H 

1 
1 

1  <f 

1 

1 
1 

1 

1 

1 

ON 

t 

1 

i   r^ 

•> 

1 

i   m 

i-l 

1 

1 

1 

i 

1 

1     CM 

1 

i 

i 

CM 

1    vO 

i   en 

1 

1 

i 

i 
i 

J 

00 

1    vt 

1 

i 

n 

l    vO 

1 

i 

CM 

i   on 

1 

! 

i 
i 

J 

I 

1    vO 

i 

1 

i    r^ 

i 

co 

1 
1 
I 

1     CM 

i 

i 
i 

1 

i 

i 

m 

1  <r 

i 

i 

1    On 

i 

i 

co 

1    vO 

i 
i 
i 

i 
i 
i 

1 
1 
1     i-l 

i 
i 
i 

i 
i 
i 

<J- 

i   m 

1     CO 

1   I-l 

1 

i 

i 
i 

i 

i 

i 
i 

03 

1     1 

1   r-1 
1     1 

i     i 

1     CM 
1       1 

i     i 

i   co 
i     i 

XI 

1 

CO 

CO 

+J 

<u  <u 

1 

c 

>-l^-« 

1 

<u 

+J  o 

1 

e  w 

<<D  CO 

1 

a) 

gW 

1 

u 

CtJ   CO 

1 

•H 

•H,0 

1 

> 

Q  O 

1 

1 

w 

r-i    i   r>-    i   O 
r-»    i   r>.    i   i-i 

i <• 

O      1               9 
vO     I             1 

4 4 

1    00 

1 «• 

i        i  <*■ 

1                  1     r-l 

CM       1                  1 
. — 1       I                  I 

« * 

i          i   m 
i          i   <-< 

4 4 

i   r^    i 

1    VO     1 

i          i   <r 
i          i   i-i 

1 4 

■-I      I              I 
CO     I              1 

4 *• 

I-l    I           I 
1 * 

I    on    I 
I    I-l    I 

1 4* 

00     1 

'-i    ■         i 

1 4* 

i     i    i    i    i 

i-«      I     CM      I    CO 
I       I       I       I       i 

co 

0) 
00 

o  < 
O 
U      I 

CJ 

O 

< 

00 

1 
1 

1 
1 
1 

vT 

1 

vi- 

i  in 

n 

I 

vo 

i      •» 

m 

1 
1 

1     CO 

i 

CO 

1 

1 

I 

CO 

1 

i 

1 

i 

00 

1 

I 

1 
1 

1 

1 

i 

1    <J" 
1       •> 
1     CM 
1 

1 
1 
1 
1 
1 

1 
1 

1    <f 
1        •» 
1     CM 



•<• 

.... 

•* 

in 

1 

1 

O 

1 

1 

1 

1 

r-l 

1 

1 

•4« 

1 
1 
1 
1 
1 

•4 

I 
I 
I    CO 

I          « 
I     CO 

•4« 
1 

1 
1 

1 
1 

■—I 
m 

r-l 

•4 

I 
I 

I 

1 
1 
1 
1 

1 

I 

1    CO 

1 
1 

VO 

1 

1 

m 

1 

1 

1 

1 

00 

1 

1 
1 

vo 

1 

1 

r*» 

1 

1 

1 

1 

i— i 

1 
1 

1 

1 
1 
I 

1 
( 

in 

r-l 

1 
1 
1 
1 
1 
1 

■ 

'■ 

m 

1 

1 

r-l 

1 

1 

1 

1 

I-l 

1 

1 

•4- 

•4 

I-l 

| 

J 

r-t 

) 

1 

1 

1 

O 

1 
1 
1 

1 

1 

'. 

" 

1-4 

1 

1 
1 

CM 

1 

1     CO 

1     1 

B-2 

< 

h 

............. 

1 
1 

CM     1 

1 
1 
1 

in    i 

1 

m 

«   i 

1 

o-    1 

vO 

1 

vO 

a\    i 

CO 

1 

ON 

4- 

•<•• 



r^    i 

1 

vO     1 

1 

«    1 

1 

r^      1 

on    1 

1 

*> 

•<•• 

........ 

1 

1 

1 

1 
1 

vO 

1 

1 
1 

ON 

4* 

1 

1 

vO 

1 
1 

1 

r* 

I 

1 

ON 

4* 

•4" 

........ 

m    i 

I 

00      1 

I 

«  i 

I 

00     1 

I 

ON      1 

I 

4- 

I 
1 

1 

1 

•4" 

I 
I 
I 

I 
I 

vO 

ON 

1 
1 
1 

1 
1 

ON 

00 

I 
I 
I 
I 

I 

4- 

1 
1 
1 
1 
1 

I 
I 

I 
I 

ON 

4* 

•«•• 

<t     1 

I 

<f     1 

I 

"    1 

I 

r-l       1 

I 

on    1 

I 

4* 

•*•• 

<f  I 

I 

CM     I 

I 

*»    I 

I 

00     1 

I 

o>    1 

I 

4- 

I 

1 

1 

in 
m 

00 

•1" 
1 

I 
1 

1 

4* 

•1" 

m    i 

I 

00      1 

I 

•>   i 

I 

00     1 

I 

ON       1 

I 

' 

'.' 

ON      1 

I 

00     1 

1 

«  1 

1 

ON       1 

1 

ON       1 

1 

4- 

•■*•" 

I-l    1 
1     1 

CM 

1 

co 

§ 

•♦•• 

CO 

1 

■M 

R^ 

•H 

> 

c 

w 

CD 

•  ••• 

313 


I  I  I 

O        I  i  i 

CM  I  I  I 

!                 i  r-    i  i 

I      o       i  r»    i  i 

i  i  i 

i  i  i 

1 * 

i  i  i 

m      i  i  i 

co       i  m    i  i 

I     00      I  I 

O       i    r-    i  i 

i  i  i 

i  iii 

^ « 

i  i  i 

i  i  i 

m      i   co    i  i 

-»      ■   . — i    •  i 

O        I    Is*     I  I 

I  I  I 

I  I  I 

< < 

I  I  I 

I  I  I 

v£>         I  l>»     I  I 

«        I  CO     I  I 

O        I  oo     i  I 

I  I  I 

I  I  I 

4 1 

I  I  I 

m       i  i  i 

1^         I     CM      I  I 

•>        I    CX>     I  I 

O       i   r*»    •  i 

i  i  i 

iii 

< 4 

I  I  I 

III 

oo      i   O    i  i   o> 

I     00      I  I     CM 

O       i    m    i  i 

i  i  i 

i  i  i 

* < 

Ill 
III 

tTi  I  I  I 

I  "I  I     .-<      I     CM 

!         O         I  I    VO     I    CO 

i  i  i   <f 

i  i  i 

« < 

I     I     I     I     I     I 

I    r-4     I     CM     I    CO 
I       I       I       I       I       I 

I -• 

I 

CO  I 

CD  I 

T)  I  W 

10      I  -U 

CD     CD      I  C      I 

J-»   » — I      ■  CD 

4-j    o    i  B  w 

/(D    n)    i  cd 

g    4J      I  -Ml 

nj    co    i  -h 

•H   .O      I  > 

Q    O    i  W 


00      I  I 

CO       I  I 

*■ 1 

in    i  i 

vo    i  i 

r-l       I  I 

f *••••• 

m    i  i 

vo    i  i 

r i 

r*    i  i 

ct*    I  I 

+> i«... 

CM      I  I 

<f      I  I 

f ♦•-. 

CO      I  I     CM 

O-     I  I    ^ 
* *..... 

i    O    I    O 

I    CO     I    —I 

* *..... 

I     I     I     I     I 

<-*      I     CM      I     CO 


00 
«0     I 

o 

J-!         I 

o 
o 

< 


-1-1       {  92,59  :  94,70  :   81,2  :  90,4   :       :  46   j 
4 4 4 4 4 4 4 • 

-2-i   51    1        1        1       1        1       1        1 
-3-j   97,7  1  58,5   1        j       I        1       j       1 

: 

:  Evitements 
!  en  % 

1 


314 


1          1          1 
1          1          1 
1         1         1 

CM         1     CO      1              1 
1     00      1              1 

r-l             1      VO       1                   1                   I 
1                   1                   1 
1                   1                   1 

« 4 

1         1         1 

m      i          i          i 

CM         1              1              1    st 
«l            1            1    en 

r-i      i          i          i   m 
ill 
*• *• 

i          i          i 
<f       i          i          i 
•>      i          i          t  st 

r-l          1              1              I     m 

i          i          i   m 
iii 

*- *■ 

i          i          I 
i          i          I 
m       i    cm    i          i 
«      i    on    i          i          ! 

rH          1     r-«      1               II 

ill; 

1 *• 

I            I            I 
vO         I             I             1 

«        1              1              1     00 

r-l            1                  1                 1     00 

i          i          i   m 
1          1          1 

i * 

1          1          1 

1          1          1 

oo       i           i    in    i 

«       1            1    O     l 

r-l          1               1     CO      1 

1          1          1 

« * 

1          1          1 

ON            1                   1                   1 

«      i          i          i   r* 

r-l            1                  1                  1      r-l 
1                  1                  1     <T 
1                  1                  1 

* 1 

I                  I                  1 
III 

I    en    I           I 
CM         1     CM     1              1 
i    en    i           I 
ill! 
1 *- 

00         I     st      I              1 

«        1     vO      1              1 

CM         1     00      1              1 

1              1              1 

III 

* +• 

1              1              1 

iii! 

1             1    vO     1 

en       i          i   in    i 

1              1    CM     1 
1              1              1 

* * 

1              1             1 

m       i   vo    i          i 

«      i   O    i          i 

en       i    r^    i           i 

iii 

i           i           i 

i * 

i           i           i 

<r      i  <f    i         i 
i   r^    i          i 
i   r-    i          i 
i          i          i 

1 +• 

i     i     i     i     i     i 

1     i-l      1     CM      1     CO 

i     i     i     i     i     i 

:  Diametredes 
:  obstacles 

:  Evitements 
|    -  E  - 

CO      1                 1 
CM     1              1 

< 1 

1    CO 

1            1    en 

VO      1               1 

< 1 

i              1    CM 
1 1 

I    vo     I 
1 i 

I             1    CM 
*■ *• 

m    i          i 

■—I         I                       I 
f 1- 

vO     I 

1 1 

I    O     I 
i * 

vO     I 

« *■ 

<r   i         u 

1 *■ 

i    i    i    i    i 

r-l      I      CM      I     CO 
I        I        I        I        I 

W 

CD 

00 

crj     I 

•§< 

O 

U      I 

o 

O                   ! 

< 

-l-l  0,52  j  0,85  j      I  0,69  I  4,65  j      j      I      I  0,76  j      j  3,36  I   2,42   I 
4 4 4 4 4 4 4 4 4 4 4 4 _ —  : 

-2-i        I        I        !        i        I        I  1»98  !        I        !        i        I          i 

-3-j      I      I      I      I      I  0,48  I      I  0,34  I      !  0,54  j  0,56  j        I 

5^5 

<     w 

<f     I             I 
vO     I              l 

vo     I              I 

ON      I                 l                | 

I              I    <f 

i          I   o- 

I                   I      ON 
I                   I      ON 

I              I    vO 

I           I   o- 

I                   I      ON 

I                   I      ON 

<r    i         i 

CM      I               I 

ON       I                   I 
ON       I                   I 

I             I    vO 
I             I    vO 

I                   I      ON 
I                   I      ON 

I     CM      I 

I    CD     i 
i    oo    i 

I      ON       I                   i 

1 * 

I              I     CM 

i           i    m 

I                   I      ON 

I                   I      ON 

A < 

in    i           i 
en    i           i 

vO     I              l 

CJN       |                   | 

i 1 

r-l        I                     I 

en     i            I 

ON        I                     I 
ON       I                   1 

i    O     I 
i    O     i 

1       r-l        | 

m    i           i 
<— i    i           i 

ON       1                   1 
ON       1                   1 

00     1               1 

St       1                   1 

ON       1                   1 
ON       1                   1 

* 1 

I         I         I         I         I 

r-l       I      CM       I      CO 

I      I      I      I      I 

CO 
4-J 

C 
0) 

6 

0) 

4J   S-S 
•H 

>  c 

W    CD 

u 
x> 
o 
c 

l 

c 
o 
I-I 

& 


315 


1          1          1 
O     I           I           I 
CM      1             1             1 

-     1    CM     1             1 

O    i  on    i          i 
ill 

4 *• 

1             1             1 

m    i          i         i 

CO       1    St       1                1 

•>     1    On     1             1 

O      1    VO      1             1 

1             1             1 

1             1             1 

4- 4 

1             1             1 
III 

in    i  vo    i          i 

«    1    vO     1             I 

O    i  m    i          i 
i          i          i 

4- 4 

Ill 

VO      I    CO      1              1 
«     1    CO      1              1 

O     I   oo     I           i 
1          1          1 
1          1          1 

♦■ 4 

1              1              1 

m    i          i          i 

r*    i  cm    i          i 

•    I   O     I           l 

O      1    00      1              I 

1          1          1 
1          1          1 

4 *• 

1              1              1 
III 

00      1    CO      1               1    CM 

«    I  O     I          l  o 

O     I   cm     i           i   vo 

* * 

I           l           l 

ON      1            1            1 

•»     i           i   co     i   O 

O        1                1     CM       1     r-4 

1                1                1    VO 

4 4- 

1             1             1 

O      i  in    i  in    i  O 

•>     i  co     i   in    i  oo 

*-*     i  o    i  «-i    i  r*. 

a  • — ■    ■          i 

i          i          i 

f «• 

i     i     i     i     i     i 

1    .-«     1    CM     1    CO 
1       1       1       1       1       1 

I  Diametre  des 
:  obstacles 

i 

|  Evitements 

-  E  - 

CO 
00 

CO  I 

X  < 

o 

O  I 

u 
o 
o 
< 


<fr   1 

CM     1              I 
CM     1             1 

« 

CO     1              ii 

r-i        1                    1 

CM     1              1 

4 4 

r-f        1                   1 

O      1               8 

VO      1              5 

4 4 

O      1 

r-»    i         i 

on    1           i 

1 4 

s  i     i  a 

*»  i     i  — 

CM      1              1    St 
* 4 

i          i   m 
1           1   vo 

in    i    in    i      » 
<t     1    vo     1    o 

CO      1 

Y'sV*' 

i    m    i   vo 
i   co    i    o 

1    CO     1 

1     1     1     1     1 

r-i     1     CM     1    CO 
1       1       1      1      1 

5>2 

<    w 

8  |  ; 

r-  i  i 

r^  i  i 

4 « 

O  i  i 

r^  i  i 

oo  I  I 

r*»  i  i 

ON  i  i 

ON   I  I 

co  i  i 

ON   I  I 

O  I  ' 

CO   I  I 

O*  I  I 

ON   I  I 

O  l 

VO  I  I 

n  I  g 

r>.  i  i 

ON   I  I 

m  i  i  m 

VO  I  i  oo 

on  i  i  m 

ON   I  I  ON 

i  i  in 

I  I  CO 

i  in  I  on 

I  CO  I   ON 

«..~...i 

00  I  I  vO 

in  I  in  I  co 

i^»  I  vo  I  ON 

ON  i  vo  I  ON 

I..-...I 

i  i  i  i  i 

iH  I  CM  I  CO 

I   I   I  I   I 

CO 
4J 

c 

i 

<u 

•H 

>  C 

(4  CD 


316 


A.O.  % 


00 

- 

9-^-  -  "*>" "S 

^^^^^^---o 

80 

Ad      ; 

(2)  y 

60 

- 

/          * 

J 

40 

- 

V 

S 

20 

i      | 

i 

i 

_    i 

mm 


Fig.  1.-  Acuite"  de  detection  par  e'cholocation  seule 

d'obstacles  filiformes  de  diff£rents  diametres  par 
Phocaena. 

1  -  fils  mgtalliques. 

2  -  fils  perlon  torsades  trois  brins. 

3  -  fils  nylon  monobrin. 
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Fig.  2.-  Acuite"  de  detection  des  fils  mfitalliques  de 
diffgrents  diametres  par  Phocaena. 

1  -  ficholocation  seule  utilised. 

2  -  ficho location  et  vision  utilisfies  simultanement. 


Par  contre  pres  du  seuil,  la  geometrie  de  1 'obstacle  semble 
avoir  une  influence  importante  sur  l'acuite  de  detection; 
en  effet,  dans  le  cas  du  nylon  monobrin  et  du  per Ion  torsades 
sont  nettement  mieux  detectes  que  les  autres  comme  le 
montrent  les  courbes  experimentales  2  et  3  de  la  Fige  1,  ou  le 
trace  1  represente  les  resultats  obtenus  avec  les  fils 
metalliques.  Sur  cette  figure,  on  a  porte  en  ordonnees,  les 
pourcentages  des  evitements  par  rapport  aux  accrochages, 
c'est-a-dire  l'acuite  de  detection  A.D. ;  et  en  abscisses 
les  diametres  des  fils  en  millimetres.  Si  l'on  considere  que 
la  valeur  de  A.D0  =  50  %   represente  le  seuil  de  detection, 
les  diametres  correspondants  sont  alors: 

-  pour  les  fils  metalliques  :  environ  0,2  mm 

-  pour  les  fils  perlon  torsades  :  environ  0,8  mm 

-  pour  les  fils  de  nylon  monobrin  :  environ  1  mm. 

Les  resultats  obtenus  avec  un  animal  non  aveugle,  c'est-a- 
dire,  utilisants  son  systeme  audio-visuel  complet,  ne  sont 
que  faiblement  ameliores  par  rapport  aux  precedents  comme 
le  montrent  les  deux  courbes  de  la  Fig.  2,  relatives  a  ces 
deux  situations  de  1' animal  et  pour  des  fils  metalliques. 
Les  donneesexactes  correspondant  a  chacune  des  diverses 
conditions  experimentales  sont  rapportees  dans  les 
tableaux  2  et  3. 

4)  Valeur  experimental  de  la  probability  de  la  rencontre 
des  obstacles  : 

Avec  les  reperes  non  immerges,  les  valeurs  experimentales 
obtenues  lorsque  1' animal  utilise  a  la  fois  son  systeme 
visuel  et  son  systeme  audit if,  sont  les  suivants  : 

Nombre  de  passage     :    1  353 
Evitements  :     784 

Accrochages  :     5  69 

ce  qui  donne  un  pourcentage  d1 evitements  de  27  %. 

Ces  resultats  montrent  que  : 

1°  L'acuite  de  la  detection  decroit  rapidement  pres  du 
seuil.  Une  diminution  du  diametre  des  fils  metalliques  de 
0,3  mm.  (de  0,50  a  0,2  mm.)  fait  tomber  le  pourcentage  des 
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evitements  de  90  a  50  °L9    soit  une  chute  de  40  %;  tandis 
que  dans  le  cas  des  fils  de  per Ion  torsades,  cette  chute 
est  encore  plus  accentuee,  puisqu'on  trouve  la  m£me  valeur 
de  40  7o,  pour  une  diminution  du  diametre  de  0,1  mm. 
seulemento 

2°  Le  cas  du  nylon  monobrin  semble  £tre  un  peu  different 
car  si  la  chute  pres  du  seuil  semble  relativement  plus 
faible,  le  pourcentage  d'erreurs  reste  eleve,  mSme  pour  des 
fils  de  diametre  important;  il  est  en  effet  de  30  %  pour 
les  fils  de  3  mm.  de  diametre.  Ceci  peut  Stre  attribue  en 
particulier  a  la  grande  transparence  acoustique  du  materiau, 
qui  n'est  pas  compensee  par  la  forme  geometrique,  comme 
dans  le  cas  du  per Ion  torsade  3  brins. 

3°  Si  l'on  considere  les  caracteristiques  acoustiques  des 
materiaux  utilises,  resumees  dans  le  tableau  ci-dessous,  on 
voit  qu'une  difference  d1 impedance  caracteristique  de 
12. 10°  unites  S.I.  entre  le  fer  et  l'acier  n'apporte  pas  de 
modification  notable  dans  l'acuite  de  detection  au  voisinage 
du  seuil. 


Materiau    ]  Eau  de 

:  mer  a  20° 

Nylon 

Acier   [       Fer   [        Cuivre 

Masse  specifi-  '     ,  _n 

•         /   ^        •       l.UZ 

cjue  g/cmJ 

1,09 

7,7   :    7,8   :     8,9   : 

:  Vitesse  de  pro-:     ,  ,,„ 
:  pagation  longi-:      ' 
:  tudinale  m/s    : 

2,620 

5,100  ;   3,400;    3,500  ; 

!  ^Pedance  ca-  \    ±              fi 

racteristique 
[    (unites  S.I.)  \ 

2,86.106 

39,2. 106   :27,3.106  :31,2.106   : 

320 


Comparaison  des  performances  obtenues  avec  celles  connues  de 
certaines  Chauves-Souris. 

L' experimentation  decrite  n'a  pu  £tre  faite  que  sur  un  seul 
animal  et  les  resultats  obtenus  ne  peuvent  £tre  qu'indicatifs. 
Toutefois,  comme  aucun  travail  analogue  n'a  ete,  a  notre 
connaissance,  realise  sur  d' autres  especes  d'animaux  marins 
qui  utilisent  l1 echo location,  ces  resultats  peuvent  servir 
de  point  de  comparaison  pour  de  futures  investigations.  II 
conviendrait  alors,  que  la  surface  equivalente  des  cibles 
utilisees  puisse  §tre  parfaitement  connue,  ce  qui  nfest  pas 
le  cas  ici,  et  l'emploi  d 'obstacles  de  forme  geometrique 
simple  bien  definie, comme  par  exemple  des  spheres,  doit 
§tre  preconise.  On  peut,  pour  1' instant,  confronter  les 
resultats  acquis  avec  le  Phocaena  a  ceux  de  certaines  Chauves- 
Souris,  particulierement  Myotis  lucj-fugus  et  Plecotus  auritus 
obtenus  par  GRIFFIN  et  ses  eleves  dans  des  experiences  analo- 
gues. 

D'apres  ces  auteurs,  les  seuils  de  detection  se  trouvent  pour 
ces  2  especes  compris  entre  0,07  et  0,12  mm.  pour  la  pre- 
miere et  0,28  a  0,35  mm.  pour  la  seconde;  pour  chacune 
d'elles,  les  frequences  composantes  moyennes  des  impulsions 
d' echo locations  etant  55  et  30  kHz,  ce  qui  correspond  a  des 
longueurs  d'onde  de  6,25  et  11,5  mm. 

On  voit  ainsi  que  si  l'on  ne  tient  compte  que  de  la  compo- 
sante  maximale  de  ses  signaux  d' echo location  (2kHz),  le 
Phocaena  phocaena  aurait  a  priori  un  systeme  inferieur  a 
celul  des  autres  Delphinidae,  mais  qu'il  serait  neanmoins 
apte  a  detecter  des  obstacles  filiformes  metalliques  dont  le 
diametre  est  3750  fois  inferieur  a  la  longueur  d'onde  de  cette 
composante  (chez  Myotis  lucifugus  le  diametre  minimum  detec- 
table est  environ  100  fois  inferieur  a  la  longueur  d'onde  du 
signal).  Neanmoins,  il  a  ete  montre  que  les  impulsions 
d' echo location  du  Tursiops,  du  Steno  et  d' autres  Delphinidae, 
comportent  des  composantes  spectrales  elevens,  208  kHz  chez 
le  Steno  par  exemple,  dont  la  direct ivite  est  tres  prononcee 
(14).  On  doit  done  penser,  (l'appareillage  utilise  ne  permettant 
pas  d' etudes  analytiques  au-dela  de  50  kHz)  qu'il  en  est  de 
m§me  chez  Phocaena  et  que  dans  ces  conditions,  ces  composantes 
spectrales  elevees  contribuent,  a  courte  distance,  mais  d'une 
maniere  importante,  a  l'accroissement  de  1'acuite"  de  detection 
par  echolocation. 
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B.  -  Variations  de  la  frequence  de  repetition  des  impulsions 
d'echolocation  en  fonction  de  la  distance  animal  -  cible 


II  est  un  fait  d 'observation  que  dans  la  majorite  des  cas, 
les  especes  qui  utilisent  l1 echo location,  augmentent  la 
cadence  de  leurs  emissions  au  fur  et  a  me sure  qu'ils  se 
rapprochent  d'un  obstacle  ou  d'une  proie.  On  a  pu  verifier 
qu'il  en  etait  de  meme  pour  Delphinus  delphis  (20)  et 
Phocaena  phocaena  (1,2).  Ce  phenomene  peut  theoriquement 
s'expliquer  par  une  necessite  pour  1 'animal,  d'augmenter  la 
precision  de  la  localisation,  quand  la  distance  qui  1'en 
separe  d'une  cible  donnee  diminue,  et  ce  en  augmentant  le 
nombre  d' informations  par  unite  de  temps.  Cet  accroissement 
serait  alors  directement  lie  a  la  precision  de  la  detection. 

Des  observations  preliminaires  ont  montre  que  les  emissions 
d'echolocation  sont  toujours  utilisees  par  le  Phocaena 
aveugle  ou  non  lors  de  l'approche  et  de  la  capture  d'une 
proie,  donnee  au  cours  du  nourrissage,  et  on  a  tent£,  sur 
cette  espece,  de  determiner  experimentalement  la  variation 
de  la  cadence  des  emissions,  en  tenant  compte  d'une  part  de 
la  vitesse  de  nage  des  animaux  et  d' autre  part  de  leurs 
distances  instantanees  a  la  cible. 

Protocole  experimental  : 

Un  poisson  qui  constitue  la  cible,  tenu  a  la  main,  est  im- 
merge  a  15  cm.  de  profondeur  environ.  II  est  prgsente*  a 
1' animal  qui  doit,  pour  l'atteindre,  parcourir  toute  la 
longueur  du  champ  d'une  camera  cinema tographique  fix£e 
perpendiculairement  a  2  m.  au-dessus  de  la  surface  du 
bassin  ;  la  vitesse  de  prise  de  vue  etait  de  32  images  par 
seconde.  Une  regie  graduee  de  5  cm.  en  5  cm.  parallele  au 
deplacement  habituel  de  l1 animal,  et  Visible  dans  l'objectif 
de  la  camera,  a  permis,  a  partir  du  film  ainsi  obtenu  et 
examine  image  par  image,  de  connaitre  les  distances  instan- 
tanees de  1' animal  a  la  cible. 

Par  ailleurs,  a  partir  des  oscillogrammes  des  enregistre- 
ments  sonores,  pris  en  synchronisme  avec  la  camera  de  prise 
de  vue,il  etait  possible,  par  la  confrontration  de  ces  deux 
films,  de  calculer  la  vitesse  d'approche  de  1 'animal  ainsi 
que  le  nombre  d' impulsions  emises  par  image,  soit  toutes  les 
1/32  sec. 
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2 
Cette  experience  a  ete  faite  dans  un  bassin  de  54  m  et 

1,20  m.  de  profondeur  sur  2  femelles  adultes  l'une  de 

165  cm.  de  long  pesant  71  kg,  l1 autre  de  161  cm.  et  68  kg. 

Au  total,  environ  200  approches  ont  ete  ainsi  filmees  et 

enregistrees. 

Le  materiel  utilise  etait,  d'une  part,  une  camera  Pathe  Webo 
16  mm.  f  =  25 ,  d1 autre  part,  un  magnetophone  Nagra  III  B, 
un  hydrophone  HP  40  et  un  amplif icateur  de  100  kHz  de  bande 
passante. 

Resultats: 


a)  Vitesse  d'approche  vers  la  proie: 

On  a  constate  que  pour  les  deux  animaux,  au  debut  du  nourris- 
sage,  des  variations  relatives  importantes  (jusqu'a  30  7D) 
des  vitesses  instantanees  de  nage  avaient  lieu;  une  rapide 
stabilisation  se  produisait  ensuite,  des  la  5eme  prise  au 
maximum,  et,  qu'alors,  les  approches  se  faisaient  a  vitesse 
pratiquement  constante. 

Les  valeurs  maximales  des  vitesses  instantanees  ont  ete  pour 
chacun  des  deux  animaux  de  180  cm/s.  environ. 

Dans  le  cas  ou  les  approches  etaient  regulieres  (dv  <  10  %) 
soit  au  total  52  pour  l1 animal  n°  1  et  34  pour  1' animal 
n°  2,  les  vitesses  se  repartissent  regulierement  autour  de 
67,5  cm/s.  et  82,5  cm/s.  respect ivement  ainsi  que  le  montrent 
les  2  histrogrammes  de  la  Fig.  3. 

b)  Variations  de  la  frequence  de  repetition  des  impulsions: 

Dans  la  majorite  des  cas,  ou  la  vitesse  d'approche  pouvait 
§tre  consideree  comme  constante,  la  distribution  de  la  caden- 
ce de  repetition  en  fonction  du  temps  (c'est-a-dire  de  la 
distance  de  la  cible)  obtenue  a  partir  des  oscillogrammes, 
obeit  a  une  loi  similaire  a  celle  trouvee  dans  des  experien- 
ces analogues  sur  certaines  chauves-souris.  La  Fig.  4  donne 
un  exemple  type  obtenu  sur  Phocaena.  On  voit  ainsi  que 
1 'allure  generale  de  cette  distribution  est  celle  d'une 
1/2  courbe  en  cloche  dont  le  maximum  est  atteint  au  moment  de 
la  prise  de  la  proie.  La  partie  inferieure,  pratiquement 
horizontale  ou  la  frequence  de  repetition  est  faible 
(20  imp./s.  environ)  s ' incurve  rapidement  en  un  point  (L) 
alors  que  1 'animal  se  trouve  a  une  distance  de  quelques 
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Fig.    5    :   Experiences   de  Griffin   et  Grinnell   sur    la    chauve-souris     (voir 
texte). 


328 


dizaines  de  centimetres  de  la  proie  (20  a  40  cm.).  L'incli- 
naison  de  la  partie  ascendante  qui  suit  et  qui  est  d'autant 
plus  forte  que  le  point  (L)  se  trouve  pres  du  but  diminue 
ensuite  a  partie  d'un  point  (C)  qui  correspond  a  une  dis- 
tance animal  -  proie  inferieure  a  5  cm. ,  mais  reste  positive 
jusqu'a  1' instant  de  capture. 

En  aucun  cas,  il  n'a  ete  possible  d' observer  une  interrup- 
tion de  l1 emission  lors  de  la  prise  de  la  proie,  qui  est 
toujours  suivie  d'un  ralentissement  rapide  de  l'emission  et 
d'une  stabilisation  a  la  cadence  minimum  de  quelques 
dizaines  d1 impulsions  par  seconde. 

Pour  la  commodite  de  1' expose,  on  appelera  le  point  (L) 
point  de  localisation  et  le  point  (C)  point  de  decision.  lis 
doivent  en  effet  avoir  leur  importance  dans  l'approche;  et 
l'on  peut  penser  que  le  premier  correspond  a  une  localisa- 
tion et  une  reconnaissance  suffisante  de  la  cible  pour  per- 
mettre  a  1' animal  d'orienter  son  deplacement,  tandis  que  le 
second  peut  §tre  interpr£te  de  deux  manieres,  c'est-a-dire 
soit  comme  une  saturation  mecanique  de  l'organe  d' emission, 
soit  comme  un  acte  reflexe  se  produisant  a  lf instant  ou  la 
proie  convoitee  est  suffisamment  proche  et  bien  localisee 
pour  que  l1 animal  amorce  le  mouvement  de  capture. 

Les  coordonnees  de  ces  deux  points  pour  certains  tests 
typiques  et  pour  les  deux  animaux,  sont  donnees  dans  les 
tableaux  4  et  5. 

A  titre  de  comparaison,  on  donnera  ici  (courbes  de  la  Jig. 
5)  les  valeurs  obtenues  par  GRIFFIN  et  GRINNELL  (6-7-8)  dans 
des  experiences  sur  Chauves-Souris  dont  le  pro toco le  etait 
tres  similaire  au  ndtre. 

Frequence  de  repetition  maximale  : 

a)  Cas  des  Chauves-Souris 

D'apres  les  observations  sur  l'evitement  des  obstacles  par 
les  Chauves-Souris,  realisees  par  GRIFFIN  et  GRINNELL  (7-8), 
le  point  de  localisation  (L)  variable  avec  les  approches 
(comme  dans  nos  experiences  sur  Phocaena),  etait  generalement 
compris  entre  230  et  53  cm.,  tandis  que  contrairement  a  nos 
observations  la  frequence  maximale  (environ  200  impulsions 
par  seconde  pour  Eptesicus)  etait  emise  alors  que  les 
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animaux  se  trouvaient  encore  a  quelques  centimetres  des 
obstacles  (15  a  20  cm.),  distance  a  laquelle  les  animaux 
amorcaient  leur  mouvement  de  passage  des  obstacles. 

Sur  ces  traces  (Fig.  5),  le  point  de  decision  (C)  est 
egalement  apparent;  on  peut  done  penser  que  chez  la  Chauves- 
Souris,  ces  deux  points  ont  une  signification  semblable  a 
celle  donnee  plus  haut  pour  le  Phocaena,  e'est-a-dire  que 
le  point  (2)  doit  correspondre,  avec  une  assez  grande 
vra is semblance,  a  1' instant  de  decision  par  1' animal  de 
poursuivre  son  approche,  tandis  que  le  point  (C)  qui  peut 
en  particulier,  correspondre  a  une  limitation  physio log ique, 
du  systeme  emetteur  ne  peut  pour  1' instant  que  recevoir  une 
interpretation  hypothetique. 

b)  Cas  du  Phocaena 

Chez  le  Phocaena,  la  frequence  maximale  de  repetition  est 
genera lement  atteinte  au  moment  de  la  capture  de  la  cible 
par  1 'animal,  et  ce  n'est  generalement  qu'apres  que  la 
decroissance  de  la  cadence  de  l'emission  a  lieu.  II  y  a 
done  une  difference  importante  entre  les  deux  cas  experi- 
mentaux  et  il  semble  qu'etant  donne  la  difference  comporte- 
mentale  des  animaux  dans  chacune  de  ces  experiences,  e'est 
a  elle  que  doit  §tre  imputee  ce  decallage  temporel  ou  la 
frequence  de  repetition  atteint  son  maximum. 

Dans  le  tableau  suivant  sont  rapportees  les  valeurs  des 
frequences  de  repetition  maximales  obtenues  par  les  deux 
animaux,  respectivement  sur  16  et  23  approches  differentes, 
les  valeurs  moyennes  correspondentes  sont  560  et  5  62  impul- 
sions par  seconde,  soit  un  intervalle  de  temps  minimum  entre 
impulsions  legerement  inferieure  a  1,8  ms.  Comme  la  duree  des 
impulsions  au  moment  de  la  prise  de  la  proie  est  de  1,2  ms. 
environ,  e'est  done  un  intervalle  de  0,6  ms.  qui  separe  2  im- 
pulsions successives.  On  peut  alors  penser  que  la  frequence  de 
repetition  maximale  observee,  doit  representer  une  valeur  au 
dela  de  laquelle  l'emission  devenant  pratiquement  continue, 
perdrait  les  proprietes  informationnelles  propres  aux  im- 
pulsions. En  dehors  de  ce  fait,  la  limitation  de  la  frequence 
de  repetition  pourrait  egalement  £tre  due  non  pas  au  systeme 
emetteur,  mais  au  systeme  recepteur.  En  effet,  elle  pourrait  en 
particulier  etre  due  a  un  phenomene  de  fusion  auditif,  du 
genre  flicker,  dont  1' approche  du  seuil  entrainait  la  limi- 
tation; a  titre  indicatif,  chez  l'homme,  l1 intervalle  de  temps 
minimum  percu  entre  deux  impulsions  a  front  raide  est  voisin 
1,14  ms.  (Lafon,  communication  personnelle) 
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Dans  le  tableau  n°  1  ou  sont  donnees  differentes  caracte- 
ristiques  des  impulsions  d 'echo location,  utilisees  par  des 
Oiseaux,  des  Mammiferes  terrestres  volants  et  non  volants, 
ainsi  que  des  Mammiferes  marins,  on  remarque  que  : 

a)  la  valeur  maximale  de  la  frequence  de  repetition  est  ob- 
tenue  chez  le  Phocaena,  chez  lequel  la  composante  spectrale 
d'intensite  maximale  est  plus  basse  (1,5  a  4  kHz). 

b)  dans  1' ensemble  c'est  chez  les  Delphinidae  que  cette 
frequence  maximale  de  repetition  est  la  plus  £levee. 

c)  mais  que  Steatornis,  dont  la  frequence  spectrale  d'in- 
tensite maximale  est  relativement  basse  (6  a  10  kHz),  emet 
egalement  a  forte  cadence  de  repetition. 


CONCLUSION. - 

Les  resultats  experimentaux  rapportes  ici  sont  relatifs  au 
Delphinidae  Phocaena  phocaena, 

lis  comportent  deux  types  d 'experiences  qui  mettent  en 
evidence  : 

1)  la  finesse  de  l'acuite  du  systeme  d' echo location  d'un 
animal  aveugle,  mesure  par  sa  capacite  d'evitement  d' obsta- 
cles filiformes,  de  nature  et  de  diametre  connus  ; 

2)  la  comparaison  entre  la  valeur  de  perception  uniquement 
par  systeme  d 'echo location,  et  celle  obtenue  avec  le  m&me 
animal  ayant  son  systeme  audio-visuel  complet  ; 

3)  la  variation  de  la  cadence  d' emission  des  impulsions 

d' echo location  en  fonction  de  la  distance  de  1' animal  a  la 
cible  au  cours  de  la  capture  d'une  proie  immobile. 

lis  permettent  de  faire  des  rapprochements  avec  les  expe- 
riences faites  dans  le  m£me  esprit  sur  certaines  Chauves- 
Souris,  et  devraient  pouvoir  servir  de  base  a  une  meilleure 
connaissance  des  principes  des  sonars  animaux  en  rendant 
possible  des  comparaisons  ulterieures  avec  d'autres  especes, 
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RESUME 


On  rapporte  dans  cette  note  les  resultats  d'une  double  etude 
experimental^  de  l1 echo location  chez  Phocaena  phocaena  (L. ). 

L'une  d'entre  e lies  a  montre  que: 

1°  ces  animaux,  une  fois  aveugles  par  des  coupelles  de  caoutchouc, 
possedent  une  capacite  de  detection  d 'obstacles  filiformes  qui 
est  du  m£me  ordre  de  grandeur  que  lorsqu'ils  utilisent  pour  cela 
leur  systeme  audio-visuel  complet; 

2°  le  seuil  de  detection  par  echolocation  seule,  depend  de  la  nature 
et  de  la  forme  geometrique  des  obstacles; 

3°  le  seuil,  determine  par  le  diametre  des  fils  a  50  %   d'evitement 
est  de  0,2  mm.  pour  les  fils  metalliques,  0,8  mm.  pour  les  fils 
de  perlon  torsade  3  brins  et  1  mm.  pour  les  fils  de  nylon  mono- 
brin.  Ainsi.dans  le  cas  des  fils  metalliques,  le  rapport  entre  la 
longueur  d'onde  de  la  composante  maximale  des  signaux  utilises 
et  le  diametre  des  fils  est  d ' environ  3750. 

La  deuxieme  experience  a  montre  que  lorsque  les  animaux  s'approchent 
d'une  cible  alimentaire,  ils  le  font  en  augmentant  la  cadence  d1 emission 
des  impulsions  d1 echolocation  tout  au  long  de  cette  approche  et  que 
cette  augmentation  est  telle  que  la  courbe  de  la  frequence  de  repetition 
en  fonction  de  la  distance  animal-cible  est  voisine  d'une  demi-courbe 
en  cloche. 


335 


DISCUSSION 

by 
E.J.  RISNESS 


The  experimental  measurements  reported  here  are  extremely 
stimulating,  since  as  well  as  answering  many  questions  about  the 
dolphin's  method  of  detecting  targets  and  avoiding  obstacles, 
they  provide  much  food  for  thought  and  raise  some  interesting 
possibilities. 

One  important  question  posed  here,  is  the  role  of  the 
dolphin's  pulse  repetition  frequency  in  detecting  and  identifying 
targets  or  obstacles.  In  ship's  sonar  systems  it  is,  for  tech- 
nical reasons,  usually  impracticable  to  listen  at  the  same  time 
as  transmitting,  and  hence  the  pulse  lenght  and  repetition  inter- 
val are  settled  by  the  minimum  and  maximum  ranges  respectively  in 
which  the  target  might  lie.  But  in  the  case  of  the  dolphin  it  is 
pointed  out  that,  at  close  range  at  least,  the  transmitted  pulse 
and  echo  overlap.  (The  same  is  true  with  some  bats,  as  pointed 
out  by  Dr.  Griffin).  If  the  animal  can  cope  with  this  situation, 
why  does  it  not  transmit  for  longer,  or  more  frequently?  One 
possible  reason  is  confusion  between  echoes  at  different  ranges 
(adjacent  if  the  pulse  were  longer,  widely  separated  if  the 
repetition  frequency  were  higher).  On  the  other  hand  it  appears 
that  the  dolphin  can  easily  resolve  echoes  spaced  less  than  1 
metre  (corresponding  to  a  1.2  m/sec  pulse  lenght),  indicating  that 
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its  resolving  power  is  determined  by  the  bandwidth  used  rather 
than  the  pulse  lenghto  It  would  therefore  appear  that  the  answer 
to  this  question  may  lie  in  the  physiology  of  the  dolphin  rather 
than  the  physics  of  the  situation,  e.g.  a  "time  delay"  in  the 
dolphin's  nervous  system  as  suggested  in  the  papere 

The  role  of  bearing,  as  distinct  from  range,  determination 
is  not  emphasized  very  strongly  in  these  papers  although,  as 
several  people  have  pointed  out,  the  solution  to  a  pursuit  or 
an  evasion  problem  can  depend  more  oritically  on  bearing  than 
on  range  information.  Some  range  information  can  be  derived  by 
measuring  difference  in  bearing  between  spaced  receivers  -  is 
it  possible  that  the  bat  or  the  dolphin  uses  this  technique? 

There  is  a  further  possibility  that  the  bearing  of  a 
target  may  be  deduced  using  not  only  the  direct  echo  from  the 
target,  but  also  the  way  in  which  the  target  modifies  the 
ambient  reverberation  field.  For  example,  the  target  can  produce 
a  "shadow  zone"  behind  itself  so  that  reverberation  coming 
from  this  area  is  reduced.  This  effect  has  been  observed  with 
object  lying  on  the  sea-bed,  where  the  absence  of  sound  scattered 
back  from  the  area  behind  the  object  is  more  detectable  than 
the  echo  from  the  object  itself.  Is  it  possible  that  such  effects 
are  also  used  by  bats  or  dolphins?  One  result  of  this  would  be 
that  the  useful  information  is  received  after  the  direct  echo. 
Thus  the  received  signal  might  no  longer  overlap  with  the  trans- 
mitted signal,  so  avoiding  other  difficulties  raised  by  this 
explanation,  and  also  help  to  explain  (on  physical  rather  than 
physiological  grounds)  why  the  pulse  repetition  interval  is 
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longer  than  would  appear  necessary. 

Yet  another  possibility  is  that  the  dolphin  does  not  use 
echoes  directly  from  objects  at  short  range,  but  continues  to 
orient  himself  relative  to  such  nearby  objects  using  echoes  from 
distant  objects  whose  position  relative  to  the  nearby  object  he 
has  previously  fixed  when  he  was  further  away.  Again  this  would 
avoid  the  problem  of  transmit/receive  overlap.  Are  we  perhaps 
underestimating  the  importance  of  the  animal's  memory  in  relating 
current  observations  to  past  history? 
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INTERPRETATION  THEORIQUE 

DE  CERTAINES  DONNEES  EXPERIMENTAL^ 

SUR  L'ECHOLOCATION 

ti?   par 
A.  DZIEDZIC 


INTRODUCTION 

Dans  une  note  precedente,  Busnel  et  Dziedzic  ont  montre  (1)  que 
le  Phocaena  phocaena,  en  s'approchant  d'une  cible  alimentaire 
experimentale,  emet  des  impulsions  d 'echo location  dont,  en 
general,  la  frequence  de  repetition  varie  en  fonction  de  la 
distance  et  jusqu'a  la  prise  de  la  proie,  comme  une  demi- 
courbe  en  cloche. 

Des  traces  analogues  ont,  dans  certains  cas,  ete  obtenus  sur 
les  chauves-souris  par  Griffin  et  ses  collaborateurs  (8,  9).  11 
semble  d'ailleurs,  que  chez  tous  les  animaux  qui  utilisent 
lf echo location,  il  existe,  entre  la  frequence  de  repetition 
et  le  rapprochement  de  la  cible,  une  relation  croissante, 
generalement  non  lineaire,  qui  depend  de  l'espece  ainsi  que 
de  certains  parametres  spatio-temporels,  lies  a  la  nature  de 
1'approche. 

II  faut  noter  que  durant  ces  approches,  le  comport ement  du 
Phocaena,  en  captivite  depuis  plusieurs  mois,  etait  tres  stereo- 
type; l1 animal  decrivait  en  effet  un  circuit  invariable  dans 
le  sens  des  aiguilles  d'une  montre,  prenait  sa  respiration  en 
un  point  fixe  distant  d' environ  deux  metres  de  la  cible,  et 
terminait  le  parcours  sous  l'eau,  d'une  maniere  pratiquement 
rectiligne  et  uniforme. 

Dans  ces  conditions,  si  l'on  admet  comme  cela  semble  probable, 
que  les  enregistrements  effectues  correspondent  bien  a  des 
signaux  de  localisation  de  la  cible  jusqu'a  sa  capture,  on  peut 
penser  que  1' allure  de  la  courbe  representative  de  la  frequence 
de  repetition  des  impulsions  en  fonction  de  la  distance,  doit 
Stre  une  caracteristique  importante  du  processus  d 'echo location. 
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En  se  basant  sur  les  resultats  rapportes  precedemment  on  tente 
ici,  de  donner  une  interpretation  theorique  de  ces  courbes,  en 
tenant  compte  d'une  part,  des  theories  explicatives  actuelles 
de  l'£valuation  des  distances  par  echolocation,  d 'autre  part, 
des  caracteristiques  physiques  des  signaux  d 'echolocation 
utilises  par  Phocaena  et  qui  ont  deja  ete  decrits  par  ailleurs 
(2),  et  enfin  des  proprietes  neurophysiologiques,  anatomiques 
et  sensorielles  de  1 'animal  qui  entrent  en  jeu  dans  le 
processus  d 'echolocation. 

A.  Aspects  physiques  generaux  des  signaux  d 'echolocation 

Si  l'on  considere  1 'etude  analytique  des  signaux  d 'echolo- 
cation qu'emettent  divers  individus  d'une  meme  espece  animal, 
on  remarque  que  les  resultats  concordent  generalement  bien,  et 
que,  les  variations  interindividuelles  de  structure  et  de  forme 
sont  faibles,  mais  que  par  contre,  les  resultats  divergent 
grandement  d'une  espece  a  1' autre  et  ce,  au  sein  d'une  seule 
et  meme  f ami lie  zoologique. 

Ainsi,  dans  le  cas  des  Chauves-Souris  de  la  famille  des 
Vespertilionidae,  les  signaux  de  Myotis  lucifugus  ont  une 
duree  moyenne  de  2,3  ms. ,  et  une  frequence  composante  qui 
decroit  regulierement  de  78  a  39  kHz,  tandis  que  Eptesicus 
fuscus  emet  des  impulsions  legerement  plus  longues  (2,7  ms. ) 
modulees  en  frequence  comme  celle  de  Myotis,  mais  entre  50 
et  25  kHz  seulement  (8-18). 

Chez  les  Rhinolophes,  les  signaux  ont  une  duree  nettement  plus 
longue  pouvant  depasser  30  ms. ,  pour  R.  rouxi  rouxi  par  exemple 
mais  de  frequence  composante  pratiquement  constante,  de  l'ordre 
de  60  kHz  (18). 

Dans  le  cas  des  animaux  marins  et  en  particulier  chez  les 
Delphinidae,  des  differences  interspecif iques  existent 
egalement,  mais  elles  resident  plus  dans  les  compositions 
spectrales  des  impulsions  que  dans  leur  duree:  elle  est  par 
exemple  du  meme  ordre  de  grandeur  (1  a  3  ms. )  chez  Phocaena 
et  Tursiops,  mais  la  composante  de  frequence  maximale  est 
nettement  plus  basse  chez  le  premier  (2  kHz)  que  chez  le 
second  (20  kHz). 
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Ainsi  done,  du  fait  de  cette  grande  diversite  dans  les 
signaux  utilises  par  les  differentes  especes  animales,  des 
proprietes  physiques  anatomiques  et  physio logiques  qui  leur 
sont  propres,  doivent  regir  le  fonctionnement  de  leur  systeme 
d ' echo location. 

B.  Importance  de  la  distribution  de  la  frequence  de  repetition 
des  impulsions  chez  Phocaena  phocaena  consideree  du  point  de 
vue  de  deux  des  theories  de  1* echo location 

Parmi  les  differentes  theories  actuelles  de  l1 echo location, 
telles  celles  de  Nordmark  (16),  Strother  (23),  Hartridge  (13) 
ou  celle  enfin  de  Pye  (20-21)  et  Kay  (15),  les  deux  dernieres 
semblent  apporter  une  explication  valable  du  processus  de 
discrimination  de  la  distance  animal-cible  par  certaines 
especes  de  Chauves-Souris. 

La  theorie  de  Hartridge  est  fondee  sur  la  perception  par 
l1 animal  de  l'intervalle  de  temps  qui  separe  1' emission  et 
la  reception  de  chaque  impulsion,  lequel  est  directement 
proportionnel  a  la  distance  animal-cible.  Hartridge  suppose 
qu'une  contraction  des  muscles  de  l'oreille  moyenne  se  produit 
en  synchronisme  avec  les  emissions,  dont  le  niveau  de  perception 
serait  alors  fortement  attenue. 

La  theorie  proposee  simultanement  et  independamment  par  Pye 
et  par  Kay  attribue  une  importance  primordiale  a  la  modulation 
en  frequence  des  impulsions,emises  par  certaines  Chauves-Souris 
comme  les  Vespertilionidae,  et  suppose  que  la  perception  de  la 
distance  par  ces  animaux  repose  sur  un  phenomene  de  battement 
qui  se  produit,  lorsque  1' emission  et  la  reception  de  l'echo 
se  superposent,  au  niveau  de  l'oreille  externe  de  1' animal. 
Gette  superposition,  qui  depend  de  la  duree  de  parcours  de  l'onde 
acoustique,  entre  le  moment  de  son  emission  et  celui  de  sa 
reception  apres  reflexion,  engendre  une  note  de  battement  qui 
serait  seule  pergue  par  l1 animal,  et  dont  la  hauteur  lui 
apporterait  1' information  requise. 

II  nous  a  semble  interessant  de  confronter  ces  deux  theories 
aux  resultats  experimentaux  obtenus  sur  Phocaena  phocaena  et 
de  rechercher  dans  chaque  cas  une  explication  plausible  des 
courbes  experimentales  de  la  distribution  des  frequences  de 
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Fig.  a   :   Oscillogrammes  des  impulsions  d'echolocation 

emises  par  Phocaena  phocaena  lors  de  l'approche 
d'une  cible  alimentaire. 

En  haut  :  distance  animal-cible  de  40  cm.  environ. 
Au  milieu  :  "  "  "  "  20  cm.  environ. 
En  bas  :  "  "  "  "  10  cm.  environ. 
Base  de  temps  :  3  cm.  =  0,01  sec. 
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repetition  des  impulsions  lors  de  l'approche  des  proies. 

a.  Application  de  la  theorie  de  Pye  et  de  Kay 

Comme  il  a  ete  rapporte  plus  haut,  le  Phocaena  phocaena  ainsi 
que  d'autres  Delphinidae,  emet  des  impulsions  d 'echo location 
dont  la  duree  peut  varier  entre  1  et  3  ms. ,  selon  que  l'ani- 
mal  se  trouve  plus  ou  moins  rapproche  de  la  cible.  On  a  pu 
d' autre  part  observer,  qu'&  partir  d'une  distance  relative- 
ment  faible,  de  l'ordre  de  60  cm.  environ,  la  duree  des 
signaux  demeurait  pratiquement  constante,  etant  dans  la 
majorite  des  cas,  de  l'ordre  de  1,2  ms.  environ.  La  Fig.  1 
represente  les  oscillogrammes  d'une  telle  emission  pour  3 
distances  differentes  de  1 'animal  lors  d'une  seule  approche. 

Si  l'on  considere  alors,  qu'en  1,2  ms.  la  partie  frontale  de 
1' impulsion  parcourt,  dans  l'eau,  une  distance  approximative 
de  1,80  m. ,  cette  partie  parviendra  a  l'emetteur  a  l'instant 
ou  1' emission  prendra  fin,  lorsque  l'onde  initiale  aura 
rencontre  un  obstacle  ref lechissant  qui  sera  situe  a  90  cm. 
de  l'emetteur.  Mais,  comme  au-dela  de  60  cm.  les  impulsions 
sont  genera lement  plus  longues,  c'est  done  a  une  distance 
superieure  que  la  superposition  se  produit,  en  particulier, 
elle  se  fera  deja  a  une  distance  de  2,25  m.  pour  les 
impulsions  de  3  ms. 

Toutefois,  etant  donne,  d'une  part,  que  chez  les  Delphinidae, 
on  ne  constate  aucune  variation  reguliere  de  la  frequence 
composante  des  impulsions,  contrairement  a  ce  qui  s' observe 
chez  les  chauves-souris  de  la  famille  des  Vespertilionidae, 
et  comme  en  outre,  la  distribution  spectrale  de  ces  impulsions 
s'apparente  plus  a  un  phenomene  transitoire  a  spectre  de 
bruit  (19)  qu'a  celui  d'un  spectre  ordonne,  et  que  d' autre 
part,  chez  Phocaena  en  particulier,  une  impulsion  de  1,2  ms. 
ne  comporte  que  2,4  periodes  a  la  frequence  d'intensite 
maximale  (2  kHz),  il  semble  tres  improbable  qu'un  battement 
puisse  dans  ces  conditions  6tre  le  facteur  de  perception  par 
echo location,  de  la  distance  des  cibles,  comme  le  suggere  la 
theorie  de  Pye  et  de  Kay. 

b.  Application  de  la  theorie  de  Hartridge 

Cette  theorie  implique  que  le  rythme  des  influx  dans  le 
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systeme  nerveux  auditif,  suive  en  synchronisme  celui  des 
stimulations  acoustiques  externes,  qui  sont  interpreters 
ensuite  dans  le  systeme  nerveux  central. 

Dans  ce  cas  la  periode  refractaire  de  l1 ensemble  des 
elements  nerveux  doit  £tre  plus  breve  que  l'intervalle 
minimum  entre  2  stimuli  successifs,  qui  dans  le  cas  du 
Phocaena  est  de  l'ordre  de  1,36  ms.  pour  la  frequence  maxi- 
male  de  repetition  observee  (736  impulsions  par  seconde). 

Les  caracteristiques  physiologiques  du  systeme  nerveux 
auditif  des  mammiferes  marins  sont  encore  peu  connues,  mais 
les  nombreux  resultats  electrophysiologiques  obtenus  sur 
d'autres  especes  utilisant  1' echo location  permettent,  compa- 
rativement,  de  supposer  qu'il  est  susceptible  de  satisfaire 
a  cette  exigence  (10-14). 

Toutefois,  contrairement  a  la  theorie  de  Pye,  celle  de 
Hartridge  ne  peut  s'appliquer  que  dans  les  cas  ou  la  super- 
position entre  l1 impulsion  directe  et  l'echo  n'a  pas  lieu 
au  niveau  du  recepteur  puisqu'alors,  la  distinction  des 
intervalles  de  temps  serait  impossible;  or,  il  a  ete  montre 
plus  haut  que  cette  superposition  peut  avoir  lieu  lorsque  la 
distance  animal-cible  est  inferieure  a  2,25  m.  Par  ailleurs, 
une  contraction  synchrone  avec  les  emissions,  des  muscles 
de  l'oreille  moyenne  des  Delphinidae,  devrait  alors  s'effectuer 
avec  une  rapidite  jamais  observee  chez  les  mammiferes;  on 
doit  done  admettre  que  la  theorie  de  Hartridge  est  difficile- 
ment  applicable  a  ces  animaux. 

C.  Essai  d' interpretation  du  mecanisme  de  l'echolocation  chez 
Phocaena  phocaena  a  partir  des  courbes  experimentales 

L'analyse  physique  des  signaux  d1 echo location  de  Phocaena 
rapportee  plus  haut,  conduit  done  a  rejeter  l'eventuelle 
possibilite  d 'application  des  deux  principales  theories  de  la 
determination  acoustique  de  la  distance  des  cibles  qui  ont  ete 
emises  pour  certaines  especes  de  chauves-souris.  Il  convient 
done  de  voir  maintenant  s'il  est  possible  de  donner  une  ex- 
plication du  fonctionnement  du  systeme  d 'echolocation  du 
Phocaena  qui  puisse  satisfaire  aussi  bien  aux  proprietes 
neurophysiologiques,  sensorielles  et  anatomiques  de  1 'animal, 
qu'aux  resultats  observes  de  l'analyse  physique. 
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a.  Aspect  neurophysiologique 

Nombreux  sont  les  travaux  d 'electrophysiologic  realises  sur 
1' audit ion  des  Chauves-Souris;  les  plus  important s  dans  le 
domaine  qui  nous  interesse  ici,  etant  actuellement  ceux  de 
Grinnell  sur  Myotis  lucifugus  et  Plecotus  townsendii  (10-11-12) 
et  de  Friend  et  ses  collaborateurs  (6)  sur  le  m6me  Myotis 
lucifugus. 

D'apres  Grinnell,  ces  animaux  semblent  posseder  des  caracte- 
ristiques  neurophysiologiques  specialement  bien  adaptees  a 
la  perception  et  a  1 'analyse  individuelle  de  stimuli  acous- 
tiques  tres  brefs,  repetes  a  cadence  elevee.  En  particulier, 
cet  auteur  trouve  que  la  periode  refractaire  des  neurones 
des  voies  auditives  de  la  Chauve-Souris,  consecutive  a  une 
stimulation  intense,  serait  beaucoup  moins  grande  que  celle 
observee  chez  d'autres  Mammiferes  comme  1 'Homme,  le  Chat  ou 
le  Cobaye.  Ainsi,  il  semblerait  que  dans  le  cas  de  deux 
stimuli  consecutifs,  separes  de  1  a  2  ms.  seulement,  les 
potentiels  evoques  respectifs,  au  niveau  du  tubercule  quadri- 
jumeau  posterieur,  soient  nettement  dif ferencies. 

On  peut  done  admettre  que  la  periode  refractaire  des  voies 
auditives  de  la  Chauve-Souris  est  extremement  breve,  ce  qui  les 
rend  aptes  a  percevoir  individuellement  des  stimuli  acoustiques 
repetes  a  cadence  elevee. 

Comme  les  experiences  sur  la  discrimination  des  obstacles  par 
Phocaena  montrent  (1)  que  l'acuite  de  leur  systeme  d'echolo- 
cation  est  au  moins  aussi  grande  que  celle  des  Chauves-Souris, 
pour  des  frequences  de  repetition,  beaucoup  plus  elevees,  on 
peur  supposer  que  la  specialisation  de  leur  systeme  auditif 
doit  §tre  tres  grande  et  qu'il  doit  posseder  egalement  des 
caracteristiques  physio logiques  qui  l'adaptent  a  la  trans- 
mission rapide  des  influx  nerveux,  et  a  la  perception  indi- 
viduelle de  chaque  echo. 

b.  Aspect  anatomique 

Dans  sa  theorie  precedemment  rappelee,  Hartridge  admet  que  chez 
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les  chauves-souris,  les  muscles  de  l'oreille  moyenne  se  con- 
tractent  lors  de  1 'emission  de  chaque  impulsion  d 'echo location, 
afin  de  reduire  la  perception  de  leur  intensite  et  eviter 
1' inhibition  du  systeme  nerveux  auditif  par  ces  stimulations 
directes. 

Si  un  tel  phenomene  neuromusculaire  peut  £tre  envisage,  et  a 
m§me  ete  demontre,  chez  les  animaux  qui  percoivent  des 
stimulations  auditives  a  un  rythme  relativement  lent,  il  ne 
l'est  plus  chez  les  Delphinidae  qui  repetent  et  regoivent 
leurs  emissions  plusieurs  centaines  de  fois  par  seconde,  car 
une  telle  rapidite  de  reponse  musculaire  n'a  ete  observe  chez 
aucun  Mammifere.  Par  contre,  une  des  caracteristiques  du 
systeme  nerveux  de  ces  animaux  etant  precisement  ce  phenomene 
inhibiteur  temporaire  produit  par  les  stimulations  intenses, 
les  Delphinidae  doivent  egalement  y  §tre  sujets,  mais  alors 
des  proprietes  particulieres  autres  que  les  contractions 
synchrones  doivent  intervenir  pour  soustraire  ces  animaux  a 
cet  assourdissement  temporaire. 

La  maniere  dont  le  systeme  auditif  des  Delphinidae  est  protege 
contre  les  emissions  directes  tres  intenses  n'est  pas  connue 
avec  precision.  Neanmoins,  d'une  part,  certains  travaux 
anatomiques  de  Reysenbach  de  Han  (23)  et  de  Fraser  et  Purves 
(5)  montrent  que  l'oreille  interne  de  ces  animaux  est  extreme- 
ment  bien  isolee  dans  la  cavite  cranienne  et  que  la  trans- 
mission acoustique  par  conduction  interne  depuis  l'organe 
emetteur  jusqu'a  la  cochlee  est  extremement  faible  (inferieure 
a  3  %);  d1 autre  part  le  recent  travail  de  Norris  et  Evans 
(17)  sur  Tursiops  truncatus  met  en  evidence  que  1' emission 
des  signaux  d 'echo location  chez  cet  animal  est  tres  directive, 
de  sorte  que  les  conduits  auditifs  externes  semblent  §tre 
situes  en  dehors  de  leur  diagramme  de  directivite  le  plus 
large. 

Si  done  on  attribue  au  Phocaena  les  resultats  obtenus  par 
ces  differents  chercheurs  sur  d 'autres  Delphinidae,  on  voit 
que  lors  de  1 'echo location,  1' animal  ne  pergoit  pratiquement 
pas  son  emission  par  conduction  osseuse  ou  tissulaire,  ni 
par  transmission  acoustique  externe  et  que  par  suite  de 
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cette  morphologie  anatomique  particuliere  et  de  la  position 
des  organes  auditifs  peripheriques  en  dehors  du  diagramme 
de  directivite  de  l1 emission,  le  systeme  auditif  de  1 'animal 
est  beaucoup  plus  receptif  aux  bruits  exterieurs  qu'a  son 
emission  propre.  11  convient  de  souligner  qu'une  telle  hypo- 
these  implique  uniquement  que  1 'animal  ne  percoit  pas  audi- 
tivement  son  emission,  dont  il  peut  par  ailleurs  avoir 
"conscience"  par  une  sensation  proprioceptive. 

S'il  en  est  bien  aussi,  seuls  les  echos  des  emission  doi- 
vent  alors  intervenir  dans  le  processus  d 'echolocation 
utilise  par  les  Delphinidae  et,  dans  ce  cas,  1 ' information 
de  la  distance  animal-cible  doit  §tre  donnee  par  la  compa- 
raison  des  intervalles  de  temps  entre  les  echos  successifs, 
chaque  emission  etant  declenchee  par  la  reception  de  l'echo 
precedent. 

D.  Developpement  mathematique 

En  partant  d'une  telle  hypothese  on  a  cherche  a  determiner 
la  distribution  theorique  des  impulsions  successives  lorsque 
1 'animal  s'approche  lineairement  et  a  vitesse  constante  v 
d'une  cible. 

On  a  tenu  compte  tout  d'abord  d'un  facteur  tempore 1  global 
7"  ,  qui  depend  uniquement  de  1' animal,  et  pendant  lequel  ont 
lieu  les  processus  neuromusculaires  concernant  1' emission  du 
signal,  et  neurophysiologiques,  concernant  1 'audition  depuis 
la  peripherie  jusqu'a  1 'analyse  centrale;  ensuite  des  facteurs 
physiques  relatifs  a  la  propagation  des  signaux  acoustiques 
depuis  leur  emission  jusqu'a  leur  arrivee  sur  les  organes  ex- 
ternes  de  reception. 

Ainsi  en  designant  par: 

t   1' instant  d' emission  de  la  lere  impulsion  consecutive  a 
la  perception  du  premier  echo, 

d   la  distance  animal-cible  correspondant  a  t  , 

t  et  d    respectivement  1 ' instant  d 'emission  de  la  n  +  1  erne 
n    n      v 
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impulsion  et  la  distance  correspondante  animal- 
cible, 

par  At    l'intervalle  de  temps  entre  la  n  -  1  erne  et  la  n  erne 
emission, 

par  V     la  vitesse  de  propagation  des  ondes  acoustiques  dans 
le  milieu  ambiant  et  par  (X   le  rapport; 

v-y      ; 

V+v 

la  distribution  des   distances   animal-cible   a   chaque   emission 
sera : 

d  =   d    (K   -   v  7 

1  o 

d  =   d  oi2   -   vZ(K    -v  "? 

2  o 

d   =   d   0Cn   -    vT      (  OC  n"1+fl(n-2+    ....+*+    1) 
no 


Soit : 


d  =  d  oc  n-  v  T    ±± 

no  1-  OC 


tandis   que    la   distribution  correspondante  des    At    sera: 

At2  =  ^        (do<X   -vT)+T 

it    =i-      (do*11"1  -  vToc  n"2-....  -vV  )+T 

n        V+v 


Soit 


At 


n        V+v 


,  'n-1       T    1-  oc 

do  OC  -v  6      r- 


n-1 


+  r 


ou   encore 


At.  =   «   *~l   <  f£    +    7     > 
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D'oti  l'on  tire  la  distribution  des  intervalles  A  tn  en 
fonction  des  positions  correspondantes  dn  de  1' animal: 


.  fc     1   ,  2dn  ,  ^-  . 
Atn=*   (  v^v"  +  F  } 


(1) 


En  pratique,  dans  le  cas  de  1 'echolocation,  on  pourra  prendre 
Ot  egale  a  1 'unite,  puisque  V  est  toujours  tres  superieur  a  v, 
et  A  tn  en  fonction  de  dn, sera  exprimee  par  la  sorame  des  deux 
fonctions  l'une  physique  2dn,  1' autre  physiologique  T*  . 

V+v 
2dn 
a.  Importance  relative  de  V+v  et  de  7*  dans  les  courbes  experi- 
mentales  obtenues  sur  Phocaena 

Si  l'on  applique  la  formule  precedante  aux  resultats  ex- 
p^rimentaux  obtenus  avec  Phocaena  on  constate  que : 

1°  -77—  varie  comme  une  droite  en  fonction  du  temps,  et  que 

sa  valeur  est  pratiquement  independante  de  la  vitesse 
d'approche  v  negligeable  devant  V. 

2°   La  forme  des  courbes  experimentales  ne  peut  s'expliquer 
que  si  l'on  admet  que  T"  est  variable. 

3°   C'est  precisement  T   qui  est  preponderant  dans  la  valeur 
de  ^  tn  et  limit e  la  frequence  de  repetition  qui  ne  peut 
depasser  la  valeur  1^  . 

T 

4°  A  courte  distance  1' echolocation  semble  alors  relever 
beaucoup  plus  de  la  physiologie  que  des  conditions 
physiques  de  transmission  des  ondes. 

A  titre  indicatif,  pour  dn  =  50  cm,  — —  =  0,67  ms.  dans  l'eau, 

alors  que  la  valeur  experimentale  moyenne  correspondante  de 
A  tn  est  environ  10  ms.  que  l'on  doit  attribuer  en  majeure 
partie  a  X  . 
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b.  Interpretation  de  la  fonction  T~ 

On  vient  de  voir,  que  l'hypothese  invisagee,  selon  laquelle 
dans  l'echolocation,  1 'animal  ne  percoit  auditivement  que  les 
echos  et  non  son  emission  propre,  conduit  a  admettre  que 
1' allure  generale  des  courbes  experimentales  obtenues  sur 
Phocaena,  depend  en  premier  lieu  de  ses  proprietes  psycho- 
physiques  et  neurologiques.  II  convient  done  de  rechercher 
maintenant  si,  chez  les  Mammiferes,  ces  facteurs  sont 
ef fectivement  soumis  a  des  rariations  analogues  en  fonction 
de  la  cadence  des  stimulations. 

L1 aspect  neurophysiologique  du  probleme  de  l'echolocation 
aborde  plus  haut  a  montre  que,  les  stimuli  individuels  se 
succedant  a  des  intervalles  de  temps  de  l'ordre  de  1  a  2  ms. , 
e'est  a  dire,  repetes  500  a  1000  fois  par  seconde,  provoquent, 
au  moins  chez  certaines  chauves-spuris,  des  reponses  neurales 
distinctes.  11  ne  parait  done  pas  absurde  d' admettre  que  chez 
Phocaena,  la  transmission  des  influx  nerveux,  peut  egalement 
suivre  la  frequence  maximale  de  repetition  observee,  comprise 
entre  500  et  700  impulsions  par  seconde. 

Par  ailleurs,  de  nombreux  travaux  electrophysiologiques  sur  les 
Mammiferes  (3,  4,  7)  ont  mis  en  evidence  que  le  temps  d 'appa- 
rition des  reponses  neurales  est,  en  un  point  donne  du  systeme 
nerveux,  d'autant  plus  important  que  la  frequence  de  repetition 
et  l'intensite  des  stimulations  sont  grandes.  Si  l'on  admet 
alors,  qu'il  en  est  de  meme  chez  Phocaena,  on  peut  done 
attribuer  en  grande  partie,  la  limitation  progressive  de 
l'accroissement  de  la  frequence  de  repetition,  a  1' augmenta- 
tion du  temps  de  latence  du  systeme  nerveux  audit if  de  1' animal. 

Les considerations  precedentes  ne  tiennent  compte  que  des 
proprietes  physiques  et  neurologiques  qui  entrent  en  jeu  dans 
la  discrimination  de  la  distance  d'une  cible  par  echolocation. 
II  convient  d' examiner  maintenant  de  quelle  maniere  les 
lois  psychophysiques  classiques  pouvaient  s'appliquer  aux 
phenomenes  observes. 

En  abordant  alors  le  probleme  de  ce  point  de  vue,  il  est 
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Importance  respective  du  terme  physique  — — 

et  du  terme  neurophysiologique  T~ ,    dans  la  repar- 
tition experimentale  des  intervalles  de  temps 
entre  impulsions  successives,  emises  par  Phocaena 
lors  de  l'approche  d'une  cible  alimentaire. 
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Fig.  3   :   Distribution  types  de  la  frequence  de  repetition 
des  impulsions  d 'echo location  emises  par  deux 
Phocaena,  lors  de  l'approche  d'une  cible  alimen- 
taire. 
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a.  Frequence  de  repetition  (F.R. )  en  echelle 
line a  ire  (ordonne) 

Temps  precedant  la  prise  de  la  proie  en  s. 
(abcisse) 


Frequence  de  repetition  (F.R.)  en  echelle 

logarithmique  (ordonne). 

Temps  precedant  la  prise  de  la  proie  en  s 

(abcisse) 


possible  de  montrer  que  la  courbe  experiment ale  de  variation 
de  la  frequence  de  repetition  des  signaux,  obtenue  chez 
Phocaena,  peut  trouver  son  explication  dans  la  loi  generale 
de  Weber-Fechner.  Cette  loi  qui  exprime  en  effet,  que  l1 aug- 
mentation de  la  sensation  est  plus  lente  que  celle  du  stimulus, 
et  qu'il  y  a  un  certain  retard  entre  effet  et  cause  "dans  le 
processus  de  transformation  de  l'energie  de  la  sphere  physique 
a  la  sphere  psychique",  (24)  est  applicable  a  tous  les  domaines 
sensoriels,  et  en  particulier  dans  celui  de  l'audition,  a  la 
reconnaissance  subjective  de  la  hauteur  des  sons. 

Si  done,  dans  le  processus  d 'echolocation  on  considere  qu'il 
existe  une  fonction  de  correlation  entre  les  intervalles  des 
impulsions  successives  et  1 ' eloignement  de  la  cible  ou,  ce 
qui  revient  au  m£me,  que  cadence  de  repetition  et  proximites 
sont  liees  par  une  fonction  caracteristique,  la  perception 
subjective  du  rapprochement  de  cette  cible,  sera  determinee 
par  1 'application  de  la  loi  de  Weber-Fechner  a  cette  fonction. 

c.  Consequence  de  1 'application  de  la  loi  de  Weber-Fechner  a 
1' echolocation  des  proies  par  Phocaena 

Si  l'on  reporte  sur  une  echelle  logarithmique  la  frequence 
instantanee  de  repetition  des  impulsions  en  fonction  de  la 
distance,  lors  des  approches  des  proies  par  Phocaena,  on 
constate  que  dans  de  nombreux  cas,  la  partie  de  la  courbe 
comprise  entre  le  point  de  localisation  L  et  le  point  de 
decision  C,  peut  etre  assimilee  a  une  droite  (Fig.  3),  et 
que  par  consequent,  entre  ces  deux  points,  la  frequence  de 
repetition  peut  etre  consideree  comme  une  fonction  exponentielle 
de  la  distance,  quand  ces  approches  sont  lineaires  et  uni- 
formes.  Si  l'on  applique  alors  la  loi  logarithmique  de  Weber- 
Fechner  a  cette  portion  de  courbe,  la  perception  subjective 
de  la  distance  de  la  cible  sera  alors   inversement  pro- 
portionnelle  a  la  frequence.  On  pourrait  penser  alors  que 
cette  variation  exponentielle  de  la  frequence  de  repetition, 
qui  compense  en  quelque  sorte  la  loi  logarithmique  de  Weber- 
Fechner,  permet  a  l'animal  d'estimer  la  distance  dans  1 'echelle 
lineaire,  comme  le  temps  ou  la  vitesse  d'approche. 


352 


REMARQUES 

En  dehors  de  certaines  limites  indiquees  par  les  points  L 
et  C  de  la  courbe  experimentale,  la  loi  de  Weber-Fechner 
n'apporte  plus  sa  justification  a  la  distribution  de  la 
frequence  de  repetition  des  impulsions,  mais  il  est  bien 
connu  que  cette  loi  n'est  pas  applicable  pour  des  valeurs 
extremes  des  stimuli  et  les  courbes  exp£rimentales  en  deca 
du  point  L  et  au  dela  du  point  C,  peuvent  eventuellement 
admettre  l1 explication  intuitive  donnee  dans  la  note  pre- 
cedente  (1). 

CONCLUSIONS 


L' explication  du  mecanisme  de  la  perception  des  distances  par 
echolocation  chez  les  Delphinidae,  proposee  ici,  modifie 
certains  aspects  de  la  theorie  de  Hartridge.  II  repose  d'une 
part,  sur  des  donnees  neurophysiologiques  acquises  chez 
d'autres  Mammiferes  qui  utilisent  un  systeme  analogue,  d1 autre 
part,  sur  l'anatomie  de  l'organe  auditif  des  Dauphins  et  enfin, 
sur  des  resultats  experimentaux  obtenus  sur  Phocaena  phocaena. 
En  outre,  cette  theorie  semble  §tre  en  accord  avec  les  lois 
psycho physiques  dont  1' intervention  ne  peut  §tre  ignoree  dans 
l'etude  de  tous  les  phenomenes sensor iels. 

En  abordant  le  probleme  de  ces  differents  points  de  vue,  il 
semble  done  que: 

1.  La  forme  des  courbes  experimentales  de  la  frequence  de 
repetition  des  impulsions  lors  de  l'approche  d'une  cible, 
depend  plus,  a  courte  distance,  des  capacites  neurophysiolo- 
giques du  systeme  auditif  de  1 'animal  que  les  lois  de  la 
propagation  des  signaux  dans  le  milieu  ambiant. 

2.  Par  suite  du  retard  entre  la  sensation  au  niveau  de  la 
sphere  sensorielle  du  cortex  et  la  stimulation  exterieure 
(ou  la  loi  psycho physique  de  Weber-Fechner  semble  trouver 
son  explication),  la  distribution  particuliere  de  la 
frequence  de  repetition  permet  au  Phocaena  d'estimer  la 
distance  de  la  cible  par  la  perception  de  cette  frequence  de 
repetition;  distance  et  frequence  percues  etant  a lors  inver- 
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sement  proportionnelles. 

Cette  theorie  semble  done  apporter  une  explication  vraisem- 
blable  des  resultats  experimentaux  obtenus  sur  la  perception 
de  la  distance  des  cibles  par  Phocaena.  Elle  ne  modifie  pas 
les  idees  relatives  a  la  localisation  spatiale  des  cibles 
par  perception  binaurale,  et  a.  la  reconnaissance  de  leur 
nature  par  la  composition  spectrale  des  echos. 
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-  RESUME 


On  etudie  ici,  d'abord  l1 importance  de  la  distribution  de 
la  frequence  de  repetition  des  impulsions  d' echo location 
en  fonction  de  la  distance  animal-cible,  observee  par 
ailleurs  (1)  sur  Phocaena  phocaena  (L.  ),  dans  son  application 
aux  diverses  theories  connues  de  l1 echo location. 

On  montre  ensuite  que  si  l'on  admet  que  les  Delphinidae  n'ont 
qu'une  perception  proprioceptive  de  leur  emission  directe  et 
s'ils  ne  percoivent  auditivement  que  les  ondes  reflechies,  la 
distribution  trouvee  dependra  plus,  a  courte  distance,  des 
capacites  neurophysiologiques  du  systeme  auditif  de  l'animal 
que  des  lois  de  la  propagation  des  signaux,  ce  qui  par  suite 
de  la  loi  de  Weber  Fechner  lui  permetterait  d'estimer  la 
distance  des  obstacles  par  la  cadence  de  reception  des  echos. 
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DISCUSSION 

par 
L.  GERARDIN 


Les  communications  en  question  contiennent  de  tres  nom- 
breux  resultats  experimentaux  sur  les  problemes  de  discrimination 
d'objectifs,  tant  par  les  chauves-souris  que  par  les  dauphins.  II 
serait  interessant  d'ecrire  le  bilan  de  transmission  de  la  liai- 
son, compte  tenu  des  surfaces  d'echo  des  objectifs  (il  faut  noter 
sur  ce  dernier  point  qu'un  fil  tres  fin,  mais  de  grande  dimension 
longitudinalejdonne  un  echo  important).  Done  de  voir  si  effecti- 
vement  le  rapport  signal  sur  bruit  qui  assure  la  detection  a  50?o 
de  chances  et  1  $  de  fausse  alarme  est  d1 environ  7  decibels  par 
impulsion. 


Le  materiel  experimental  resume  dans  les  figures  1  et  2 
de  1* etude  b)  devrait  permettre  de  comparer  la  courbe  probability 
de  detection  en  fonction  du  rapport  signal  sur  bruit  avec  ce  que 
prevoit  la  theorie  classique  du  signal. 


L'etablissement  de  ce  bilan  de  transmission  suppose  con- 
nues  toutes  les  donnees  du  probleme  et  e'est  pourquoi  je  laisse 
aux  biologistes  le  soin  de  l'ecrire  .  Tant  qu'il  n'aura  pas  ete  e- 
crit  en  detail  ,  on  doit  reserver  son  jugement  sur  l'hypothese  e- 
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noncee  a  la  page  6  de  a)  "the  bats  detected  wires  ...  more  success- 
fully than  is  possible  even  for  the  ideal  detector  of  signal  de- 
tection theory  !".  En  fait,  un  parametre  mal  connu  est  celui  de  la 
bande  passante  effective  du  recepteur  des  sonars  biologiques.  Les 
etudes  physio logiques  de  Alan  D.  GRINNEL  sont  extremement  precieu- 
ses  a  cet  egard,  en  suggerant  l'hypothese  d'une  bande  etroite  de 
reception.  Mais  y  a-t-il  en  outre  reduction  ulterieure  de  bande 
(ou  non)  par  integration  de  plusieurs  impulsions,  la  chiffraison 
aussi  precise  que  possible  du  bilan  de  transmission  apporterait  un 
element  de  reponse  dans  ce  debat. 


Quelle  est  1 'information  de  base  detectee  par  un  sonar 
biologique  ?  II  semble  evident  de  repondre  la  distance,  a  1' image 
des  materiels  radars  ou  sonars.  La  modulation  de  frequence  sugge- 
re  meme  qu'il  y  aurait  compression  d! impulsion.  En  fait,  si  l'on 
examine  le  probleme  sans  idee  a  priori,  il  est  evident  que  la  con- 
naissance  tres  precise  de  la  distance  ne  sert  strictement  a  rien. 
Par  contre,  pour  que  la  poursuite  d'une  proie  soit  couronnee  de 
succes,  il  est  essentiel  de  savoir  dans  quelle  direction  est  si- 
tuee  cette  proie.  L' information  de  base  est  done  celle  de  direc- 
tion angulaire  et  non  celle  de  distance.  Comme  la  vitesse  de  l'a- 
nimal  intercepteur  (chauve-souris  ou  dauphin)  est  nettement  supe- 
rieure  a  celle  de  1'  animal  intercepts  (moucheron  ou  poisson^l'e- 
tude  cinematique  et  dynamique  de  1' interception  montre  que  la  seu- 
le  information  necessaire  est  la  direction  angulaire  de  1' inter- 
cepte vue  de  l1 intercepteur.  Un  engin  autoguide  comme  le  Hawk  ne 
fonctionne  pas  autrement. 


II  est  dommage  que  rien  ne  soit  dit  sur  ce  sujet  et  la 
question  est  done  a  poser  aux  biologistes  :  comment  l1 animal  e- 
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value_t-il  gisement  et  site.  II  a  deux  oreilles,  certes,  et  ceci 
lui  permet  de  faire  une  localisation  monopulse  dans  un  plan,  ce- 
lui  de  gisement.  Mais  le  site  ?  D.  CAHLANDER  a  imagine  que  l'o- 
reille  des  Vespertilionides,  grande  vis-a-vis  des  longueurs  d'on- 
des  ultrasonores,  etait  dispersive  en  frequence,  ce  qui  permettrait 
a  l1 animal  d'evaluer  les  directions  site  par  1' analyse  des  fre- 
quences recues.  Ayant  discute  de  ce  probleme  avec  Dorothy  C.  DUNNING, 
cette  derniere  m'a  fait  remarquer  que  l'oreille  reelle  d'un  ani- 
mal n'avait  pas  la  perfection  d'un  reflecteur  en  metal  et  qu'il  y 
avait  done  lieu  d' interpreter  avec  prudence. 


Dans  le  cas  des  Rhinolophides,  1* evaluation  du  site  pour- 
rait  avoir  lieu  grace  au  mouvement  d1 exploration  rapide  et  de  gran- 
de amplitude  des  oreilles.  On  a  parfois  parle  de  modulation  Doppler 
au  sujet  de  ce  mouvement,  mais  il  est  tres  peu  probable  que  les  re- 
cepteurs  animaux  soient  capables  d'evaluer  un  battement  Doppler.  En 
effet,  qui  dit  Doppler  entre  deux  signaux,sous  entend  que  ces  si- 
gnaux  sont  a  frequence  pure  ;  en  d'autres  termes,  lorsque  1' emis- 
sion a  lieu  par  impulsions,  il  faut  qu'il  y  ait  coherence  de  phase 
d'une  impulsion  a  la  suivante,  coherence  liee  a  1' existence  d'un 
oscillateur  continu  de  reference.  Cette  coherence  de  phase  est  une 
des  difficultes  techno logiques  principales  des  radars  dits  pulse- 
doppler.  On  ne  voit  pas  tres  bien  comment  les  emetteurs  biologi- 
ques  pourraient  1' assurer.  Or,  en  1' absence  de  cette  coherence,  il 
n'y  a  plus  de  Doppler,  mais  juste  une  sorte  de  bruit  inexploitable. 
Le  mouvement  des  oreilles  des  Rhinolophides  est  done  beaucoup  plus 
probablement  a  rattacher  a  ce  probleme  de  me sure  angulaire  qu'a 
celui  de  detection  proprement  dit.  La  question  est  ouverte,  les 
observations  des  biologistes  devraient  permettre  de  la  faire  pro- 
gresses 
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A  la  lecture  des  etudes  presentees,  l'ingenieur  ne  peut 
manquer  d'dtre  frappe  par  1 • extraordinaire  faculte  d1 identifica- 
tion montree  par  les  sonars  animaux  •  En  particulier  par  les  re- 
sultats  rapportes  par  D.R.  GRIFFIN  ,  J.H.  FRIEND  et  F.A.  WEBSTER 
(J.  of  Exp.  Zool.  March  1965)  sur  la  discrimination  entre  des  as- 
ticots  et  des  pet its  disques  metalliques.  La  discrimination  entre 
des  spheres  (echos  d'intensite  constante)  et  des  asticots  (echos 
d'intensite  fluctuante  a  fluctuations  rapides  :  ordre  du  dixieme 
de  seconde)  s'explique  plus  aisement. 

Ce  qui  serait  interessant  a  connaitre  ,  c'est  le  nombre 
exact  de  Hyotis  qui  passerent  les  tests  et  quelle  fut  1 'allure  de 
la  courbe  d'apprentissage  (dans  le  cas  asticots-disques) .  La  dis- 
crimination a  lieu  a  longue  distance  puisque5comme  le  montre  la 
figure  1,  les  disques  ne  sont  generalement  pas  poursuivis.  II  est 
difficile  de  voir  a  premiere  vue,  d'apres  l1 analyse  des  figures  2 
et  3  du  m§me  article,  en  quoi  differe  la  reponse  fine  en  frequence 
des  deux  objets  .  La  frequence  basse  frequence  a  laquelle  avait 
lieu  la  modulation  d'intensite  des  retours  d1 echos  n'est  pas  in- 
diquee  (seule  est  mentionnee  la  variation  de  1 'orientation  d'un 
asticot  de  90  degres  en  un  dixieme  de  seconde). 

Bien  que  l'on  ait  beaucoup  ecrit  sur  le  processus  de 
reconnaissance^de  pattern  recognition,  il  faut  reconnaitre  honne- 
tement  que  le  sujet  est  encore  fort  obscur.  Quelle  est  la  quanti- 
te  d ' information  necessaire  pour  faire  la  distinction  entre  un  as- 
ticot et  un  petit  disque  de  meme  diametre  moyen  (ou  entre  un  rond 
et  un  carre).  Pour  repondre  a  cette  question,  il  faudrait  savoir 
par  quelles  donnees  de  base  se  caracterise  chaque  categorie.  On  a 
beaucoup  ecrit  sur  la  phase  classification  ,facilement  mathemati- 
sable,  tres  peu  sur  le  phase  preliminaire  de  transformation  des 
donnees  brutes  en  elements  elabores  capables  de  donner  lieu  a 
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classification.  Le  sujet  a  ete  aborde  d'un  point  de  vue  philoso- 
phique  dans  l'essai  de  Kenneth  M.  SAYHE  :  Recognition  :  a  study 
in  the  philosophy  of  artificial  intelligence  (University  of  Notre 
Dame,  Press  1965).  Les  psychologues  et  les  mathematiciens  peuvent- 
ils  apporter  quelque  lumiere  supplementaire. 

En  resume,  que  peut-on  dire  du  bilan  energetique  de  la 
detection  sonar  biologique,  comment  les  animaux  localisent-ils  an- 
gulairement  leur  cible,  quelle  est  la  quantite  d ' information  ne- 
cessaire  pour  apprendre  a  accomplir  une  classification  dichotomi- 
que. 
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DISCRIMINATION 

OF  DIFFERENT  METALLIC  PLATES 

BY  AN  ECHOLOCATING  DELPHINID 

by  *0- 
W.E.  EVANS  and  B.A.  POWELL 


INTRODUCTION 

The  echolocating  capability  of  the  Atlantic  bottle- 
nose  dolphin, Tur8iop8    truncatus,   (5)  and  Harbor  porpoise, 
Phoooena  phocoena, (1)  has  been  well  demonstrated  by 
observing  the  ability  of  these  animals  to  avoid  obstacles 
and  discriminate  a  preferred  object  from  a  non-preferred 
object  while  blindfolded.   The  signals  produced  by  these 
species  during  echo  ranging  have  also  been  recorded  and 
analyzed.   However,  little  control  has  been  exercised 
over  the  acoustical  properties  of  the  targets  and/or  the 
location  and  orientation  of  the  animal  in  either  reference 
to  the  targets  or  the  recording  transducer.   Without 
these  data  it  is  difficult  to  determine  which  parameter, 
or  series  of  parameters,  of  the  target  echo  provide 
information  to  the  animal. 

The  purpose  of  this  study  was  to  determine  the  ability 
of  a  blindfolded  delphinid,  Tursiops    trunoatu8y  to 
discriminate  between  two  targets  which  varied  theoretically 
only  in  the  intensity  of  the  echo.   In  addition,  the  tests 
were  designed  so  that  the  animal's  sound  emissions  and 
location  in  relation  to  the  targets  and  transducers  could 
be  monitored  and  recorded  during  each  trial, 
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MATERIAL  AND  METHODS 
Targets: 

Desired  targets  were  ones  for  which  the  effects  on 
an  incident  broadband  pulse  could  be  estimated.   Cylinders 
and  spheres  were  not  considered  suitable  since  changes  in 
diameter  would  not  only  change  echo  strength  but  also  the 
frequency  content  of  the  reflected  pulse.   This  would 
make  the  effect  of  changes  in  target  reflectivity  on 
discrimination  difficult  if  not  impossible  to  determine. 
In  line  with  these  considerations,  metallic  plates  were 
chosen  for  targets.   Copper,  brass,  and  aluminum  were 
selected  as  test  materials  because  published  data  on 
their  acoustic  impedances  were  available  (7).   Since 
there  is  some  known  variation  in  the  properties  of  avail- 
able metals,  the  density  of  each  material  used  was 
measured  and  the  published  values  of  acoustic  impedance 

(p   c  )  corrected  accordingly.   Using  the  formulation 
o   o 

presented  in  detail  in  Officer,  1958  (6)  a  computer 
program  was  prepared,  and  the  reflectivities  as  a 
function  of  frequency  in  the  range  of  2kHz  to  200  kHz 
were  computed  for  a  wide  range  of  plate  thicknesses. 
This  range  of  frequencies  was  selected  because  it 
adequately  covered  the  range  of  hearing  sensitivity 
demonstrated  for  the  Atlantic  bottlenose  dolphin^  Tursiops 
trunoatu89  by  Johnson  (2). 
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FIGURE  CAPTIONS 

Figure  la-lc    Reflected  power  as  a  function  of  frequency 
for  the  material  selected  as  the  standard 
target  (0.22  cm  thick  copper)  versus  (a) 
0.64  cm,  0.32cm,  0.27cm,  and  0.16  cm 
copper,  (b)  0.79  cm,  0.64  cm  and  0.32  cm 
aluminum,  and  (c)  0.64  cm  and  0.32  cm 
brass.   The  reflected  power  is  the  square 
of  the  amplitude  (pressure).   If  reflected 
amplitude  versus  frequency  were  plotted 
the  apparent  separation  between  targets 
would  be  decreased  considerably. 


365 


These  initial  computations  were  utilized  in  determining 

the  thicknesses  of  each  material  to  be  used.   Since  the 

psycho-physical  method  of  constant  stimuli  (8)  was  to  be 

used,  a  standard  target  to  which  all  other  targets  could 

be  compared  had  to  be  selected.   Using  the  preliminary 

data  on  reflectivity  as  a  function  of  thickness,  0.2  2  cm 

thick  copper  was  selected  as  the  standard  target.   This 

thickness  of  copper  represented  an  advantageous  median 

thickness  around  which  a  wide  range  of  comparison  targets 

of  different  thicknesses  and  materials  could  be  presented 

in  more  or  less  graduated  steps  of  reflectivity.   The 
reflectivity  as  a  function  of  frequency  for  the  copper, 

aluminum  and  brass  plates  selected  for  the  test  are 

compared  to  the  0.22  cm  thick  copper  standard  target  in 

Fig.  la  -  lc. 

All  of  the  test  plates,  including  the  standard,  were 

prepared  as  30  cm  diameter  discs.   The  target  holders 

were  constructed  of  0.32  cm  brass,  30  cm  by  30  cm  by 

2.5H  cm  and  covered  with  0.6H  cm  sponge  neoprene.   A 

17t2  cm  diameter  circular  window  was  cut  in  the  center  of 

each  holder,  and  the  targets  were  mounted  from  the  back. 

Thus,  the  animal  was  presented  with  a  20  cm  metal  disc 
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Figure  2 


Front  and  rear  views  of  the  target  holders 
and  typical  targets  used  in  this  study. 
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in  the  center  of  a  30  cm  square  neoprene  background  (fig.    2) 
The  purpose  of  this  mounting  arrangement  was  to  negate 
the  possibility  that  the  animal  could  scan  on  the  edge 
of  the  test  targets. 
Test  Procedures: 

The  tests  were  conducted  in  a  circular  concrete  tank 
9.1U  meters  in  diameter  and  1,2  2  meters  deep.   The 
experimental  animal,  a  148  kgm,  female  Atlantic  bottlenose 
dolphin,  Tur8iop 8    truncatus* was  trained  by  standard 
operant  conditioning  techniques,  to  wear  opaque  silicon 
rubber  cups  over  her  eyes  in  a  fashion  similar  to  that 
described  by  Norris  et  al  (5).   Wearing  the  blindfolds 
the  animal  was  then  trained  to  station  herself  at  one 
end  of  a  7  meter  long,  1  meter  wide,  plywood  runway  laid 
on  the  bottom  of  the  tank.   When  cued  by  a  broadband 
pulse ,  she  was  to  swim  down  the  runway  and  select  the 
standard  target  from  the  pair  presented  there.   The  animal 
indicated  her  choice  by  pressing  the  target  with  her 
rostrum.   If  the  standard  target  was  selected,  she  was 
reinforced  with  3-H  surf  smelt,  Hypomesue   pretio8U8. 

Two  sets  of  standard  and  comparison  targets  were 
prepared:   The  target  position  (right  or  left);  the  target 
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holder;  and  surface  of  the  target  presented  to  the  animal 
were  all  randomized.   Test  runs  were  conducted  in  the 
morning  and  afternoon  for  a  total  of  40  trials  per  day. 
Data  Collection: 

A  video  camera  was  positioned  2.2  meters  above  the 
surface  of  the  water  and  was  focused  to  cover  the  last 
2  meters  of  the  runway  and  the  target  area.   The  output 
of  this  camera  and  that  of  a  broadband  hydrophone  (10  0 
hz  -  110  kHz,  ±  2dB,  Atlantic  Research  Corp.  LC-32) 
were  recorded  on  a  Sony  video  tape  recorder.   The  hydro- 
phone was  positioned  directly  between  and  parallel  with 
the  test  targets  with  its  acoustic  center  at  the  same 
depth  as  the  center  of  the  targets.   This  arrangement 
allowed  the  simultaneous  recording  of  the  animal's  sonic 
emissions  and  her  positioning  during  the  last  two  meters 
of  each  trial. 

The  second  audio  channel  of  the  Sony  video  recorder 
was  used  to  record  10  per  second  10kHz  timing  pulses. 
These  timing  pulses  and  the  output  of  the  hydrophone  were 
also  recorded  on  an  Ampex  FR  1300  magnetic  tape  recorder 
at  a  tape  speed  of  152.  H  cm  per  second.   This  procedure 
allowed  the  recording  of  the  full  band  width  of  the 
hydrophone  (100Hz  -  110  kHz)  and  the  relating  of  this 
broadband  acoustic  data  to  the  positional  data  recorded 
on  the  video  recorder. 
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Figure  3 


The  mean  percent  correct  response,  *  one 
standard  deviation  (SD)  and  one  standard 
error  of  the  mean,  for  all  the  targets 
tested.   Cu  refers  to  copper  and  Al  refers 
to  aluminum. 
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Figure    U  Reflected   power   versus    frequency   and 

associated    performance    scores    for   all    the 
copper   versus    copper   comparisons. 
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RESULTS 
Limits  of  Discrimination: 

The  mean  percent  correct  response,  standard  deviation, 
and  standard  error  of  the  m£an  for  all  targets  tested  are 
presented  in  Fig.  3.   These  data  indicate  that  the 
animal  was  unable  to  discriminate  0.32  cm  brass,  0.27  cm 
copper,  and  0.16  cm  copper  from  the  0.2  2  cm  copper 
standard. 

In  referring  back  to  Figs,  la  -  lc  it  will  be  seen 
that  the  reflectivity  of  0.27  cm  copper  and  0.32  cm  brass 
are  almost  identical.   Considering  only  copper  versus 
copper  comparisons,  the  ability  to  discriminate  is 
severely  limited  at  thicknesses  of  0.05  cm  above  the 
standard  and  0.06  cm  below  the  standard  of  0.22  cm.   This 
represents  a  mean  difference  in  reflectivity  of  +.0U  and 
-.06.   The  reflected  power  versus  frequency  and  the 
associated  performance  scores  for  all  the  copper  targets 
tested  are  presented  in  fig.  **. 

In  the  comparison  of  aluminum  targets  to  the  standard 
target,  all  the  performance  scores  were  above  the  90% 
level  (Fig.  3).   Even  though  the  0.79  cm  aluminum  target 
had  a  mean  difference  in  reflectivity  of  0.02,  the  mean 
performance  was  95%  correct  responses.   This  would  seem 
to  indicate  that  information  other  than  or  in  addition  to 
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intensity  of  the  echo  was  used  by  the  animal.   This  paradox 
will  be  discussed  in  more  detail  later  (See  Johnson  this 
volume) . 
Collateral  Behavior: 

In  addition  to  the  performance  scores  it  was  thought 
that  other  aspects  of  the  animal's  behavior  might  be 
indicative  of  the  difficulty  of  the  discrimination.   Those 
considered  were  (1)  the  number  of  times  the  animal 
reoriented  its  head  from  one  target  to  the  other;  (2) 
the  total  time  it  took  the  animal  to  traverse  the  last 
two  meters  of  the  run  and  select  a  target;  and  (3)  the 
pulse  repetition  rate. 

During  the  course  of  each  test  run,  the  blindfolded 
animal  moved  its  head  from  side  to  side  and  up  and  down 
in  scanning  motions  similar  to  those  described  by  Norris 
et  al  (5)  and  Kellogg  (3).   By  studying  the  video  tapes 
of  various  test  runs,  it  was  apparent  that  in  addition  to 
these  head  scanning  motions  the  animal  reoriented  her 
whole  body  and  rolled  from  side  to  side. 

Very  little  scanning  took  place  during  easy  discrimina- 
tions (performance  scores  greater  than  90%).   This 
"scanning  rate"  increased  almost  threefold  for  difficult 
discriminations  (performance  scores  less  than  60%). 


372 


In  this  latter  case  it  appeared  as  though  the  decision 
as  to  which  target  to  push  was  made  at  less  than  one 
meter  from  the  display.   In  easy  discriminations  the 
decision  was  made  at  distances  greater  than  one  meter 
from  the  target.   These  data  are  presented  in  Table  I. 
The  mean  time  for  the  animal  to  swim  the  last  two 
meters  of  the  runway  and  select  a  target  was  5.3  seconds 
for  the  easy  discriminations  and  7.1  seconds  for  the 
more  difficult  ones.   This  increased  mean  time  for  the 
difficult  problem  is  not,  however,  indicative  of  a 
slower  swimming  speed.   The  animal's  speed  was  essentially 
constant  for  easy  and  difficult  discriminations  to 
within  one  meter  of  the  targets.   The  greater  number  of 
head  reorientations  at  ranges  less  than  one  meter  from 
the  plates  for  the  difficult  comparisons  can  account  for 
the  increased  time  in  the  target  area  (see  Table  I). 
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TABLE  I 
Number  of  head  reorientations  as  a  function  of 
distance  from  target.   Twenty  samples  taken  at  random 
from  easy  (greater  than  90%  correct)  and  from  difficult 
(less  than  60%  correct)  problems. 
Greater  Than  95%  Correct       Less  Than  60%  Correct 


Total 

Total 

2-1 

1-0 

2-0 

2-1 

1-0 

2-0 

meters 

meters 

meters 

meters 

meters 

meters 

1 

1 

2 

2 

4 

6 

1 

0 

1 

2 

2 

4 

0 

0 

0 

1 

3 

4 

0 

1 

1 

0 

4 

4 

1 

0 

1 

2 

2 

4 

0 

1 

1 

2 

4 

6 

1 

0 

1 

0 

4 

4 

0 

1 

1 

1 

1 

2 

0 

1 

1 

1 

4 

5 

1 

2 

3 

2 

2 

4 

2 

0 

2 

1 

4 

5 

3 

2 

5 

3 

4 

7 

1 

0 

1 

4 

2 

6 

2 

0 

2 

1 

3 

4 

2 

0 

2 

1 

4 

5 

1 

0 

1 

3 

2 

5 

3 

1 

4 

1 

2 

3 

2 

0 

2 

1 

1 

2 

1 

0 

1 

1 

8 

9 

2 

1 

3 

0 

3 

3 

7=1.20   7  =.55   7  =1.75 


7  =1.45  7  =3.15    7  =4.60 
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Past  observations  of  echo  ranging  behavior  in 
Turaiops    have  given  the  impression  that  the  rate  of 
emitted  pulses  increases  as  the  range  to  the  target 
decreases.   Measurements  of  pulse  repetition  rate  as 
a  function  of  range  from  the  target  were  made  from  the 
video-audio  tapes  collected  during  this  study.   In 
general  these  data  agree  with  earlier  observations. 
However,  the  mean  pulse  rate  remained  quite  constant 
(60  per  second)  at  ranges  greater  than  40  cm  from  the 
targets  increasing  to  400  per  second  and  falling  rapidly 
to  100  per  second  within  the  last  40  cm  of  the  test  runs. 

Photographs  taken  at  0.5  second  intervals  during  the 
last  two  meters  of  a  0.32  cm  brass  versus  standard  target 
are  presented  with  the  associated  pulse  rates  in  Fig.  5. 
Mean  pulse  rates  were  somewhat  higher  for  difficult 
discrimination  than  for  easy  discriminations,  but  the 
rates  varied  by  as  much  as  a  factor  of  2  at  any  range  for 
the  target  comparisons  tested.   The  variation  of  pulse 
rate  as  a  function  of  distance  from  the  target  is  shown 
in  fig.  6  for  0.32  cm  brass  vs  standard  and  0.64  aluminum 
vs  standard  comparisons.   These  data  seem  to  be  in  general 
agreement,  except  for  variation  of  rate,  with  those  presen- 
ted earlier  by  Norris  (See  Norris  e_t  al  this  volume). 
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Figure  6 


Mean  and  range  of  pulse  rate  as  a  function 
of  distance  from  the  target  for  10  trials 
on  0.32  cm  brass  versus  the  standard  and 
0.64  cm  aluminum  versus  the  standard 
comparisons . 
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DISCUSSION  AND  CONCLUSIONS 

Using  operant  conditioning  techniques,  it  was 

possible  to  test  with  some  consistency  the  ability  of 

a  blindfolded  dolphin  to  select  a  standard  target  when 

paired  with  a  wide  assortment  of  comparison  targets 

which  varied  theoretically  only  in  the  intensity  of  the 

echo.   Within  the  limits  of  the  targets  available  and 

the  experimental  design  used,  an  absolute  threshold  of 
sonar  discrimination  based  on  differences  in  echo 

strength  was  approached  but  not  adequately  defined  (Fig.  3), 
Determination  of  a  true  absolute  threshold  for  this 
parameter  of  detection  would  require  a  series  of  comparison 
stimuli  which  varied  in  reflectivity  from  the  standard  in 
smaller  increments  than  were  used  in  this  study. 

When  comparing  aluminum  targets  to  the  standard  0.2  2 
cm  thick  copper  target  the  animal's  performance  was 
always  greater  than  90%  correct  even  when  the  reflectivity 
of  the  comparison  target  (0.79  cm  aluminum)  was  essen- 
tially identical  to  that  of  the  standard.   We  must  assume, 
then,  that  the  animal  was  able  to  make  the  discrimination 
based  on  information  other  than  reflectivity.   When 
comparing  copper  targets  to  the  standard,  the  performance 
dropped  to  chance  at  differences  of  reflectivity  of  6% 
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and  less.   Although  many  explanations  may  exist  to 
explain  this  apparent  paradox,  the  utilization  of  phase 
information  by  the  animal  as  suggested  by  MacKay  (H)  is 
one  of  the  main  possibilities  we  have  considered.   In 
order  to  achieve  a  reflectivity  close  to  that  of  the 
standard  copper  target,  the  aluminum  target  had  to  be 
increased  in  thickness  by  a  factor  of  almost  four. 
With  such  a  difference  in  thickness  and  its  possible 
effect  on  the  shape  of  the  reflected  pulse,  enough 
information  might  be  generated  to  account  for  the  high 
levels  of  performance.   (See  Johnson,  C.  S.  this  volume). 

In  addition  to  the  performance  scores,  the  difficulty 
of  the  discrimination  presented  to  the  animal  was  denoted 
by  very  pronounced  changes  in  the  orientation  and  search 
behavior  that  accompanied  the  discrimination  task.   As 
the  apparent  difficulty  of  the  discrimination  increased, 
the  scanning  behavior  of  the  animal  became  more  pronounced 
This  included  gross  changes  in  the  position  of  the  whole 
body  as  well  as  the  head.   This  was  reflected  in  an 
increase  in  the  mean  time  necessary  for  the  animal  to 
travel  the  last  two  meters  to  the  target  and  make  a 
selection  (Table  I). 

There  was  a  general  increase  in  the  emitted  pulse 
rate  as  the  animal  approached  the  targets,  and  slightly 
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higher  rates  were  achieved  during  difficult  discriminations 
However,  the  variability  of  pulse  rate  at  any  time  or 
distance  from  the  target  made  it  impossible  to  arrive  at 
any  conclusions  as  to  the  role  of  this  factor  in  either 
the  discrimination  of  targets  or  determination  of  range. 

It  is  difficult  to  conceive  of  any  discrimination 
task  in  the  natural  environment  of  the  delphinid  that 
could  not  be  more  than  adequately  dealt  with  by  the 
capability  demonstrated  by  the  animal  used  in  this 
experiment.   The  ability  of  the  delphinid,  as  represented 
by  Turaiops ,  to  discriminate  rather  small  differences  in 
size  has  been  demonstrated  by  Norris  et  al  (this  volume). 
The  results  of  this  study  just  described  indicate  that 
differences  in  texture,  which  would  determine  the  amount 
of  signal  absorbed  and  thus  the  strength  of  echo  reflected, 
should  be  quite  apparent  to  the  animal.   Thus,  rather 
detailed  information  about  the  nature  of  his  surrounding 
and  potential  food  would  be  available  to  the  echolocating 
delphinid. 
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ABSTRACT 
A  blindfolded  Atlantic  bottlenose  dolphin,  Tursiops 
trunaatus ,    was  conditioned  to  select  consistently  a  30  cm 
diameter,  0.2  2  cm  thick  copper  plate  when  presented  paired 
with  other  plates.   Knowing  the  acoustic  impedance  of 
the  seawater  and  the  thickness  and  acoustic  impedance  of 
the  metallic  plates,  it  was  possible  by  computation  to 
select  a  series  of  targets  (plates)  which  differed  in 
acoustic  reflectivity  by  a  known  amount  from  the  0.22  cm 
copper  standard  target.   In  a  comparison  of  a  0.2  7  cm 
thick  copper  plate  with  the  standard  target,  the  animal 
made  the  correct  response  60%  of  the  trials,  or  essen- 
tially at  the  chance  level.   In  a  comparison  of  the 
standard  to  a  0.32  cm  copper  plate,  however,  the  responses 
were  correct  ~in  75%  of  the  trials.   Maximum  performance 
scores  of  100%  were  achieved  at  comparisons  of  0.32  cm 
aluminum  and  0.64  cm  brass  to  the  standard.   These  latter 
comparisons  represented  the  greatest  differences  in 
reflectivity  above  and  below  that  of  the  standard  target. 
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DISCUSSION 

by 

C.  SCOTT  JOHNSON 


It  has  been  shown  by  Evans  and  Powell  (in  the 
preceeding  paper)  that  their  experimental  animal  could 
not  reliably  distinguish  a  brass  plate  from  their  copper 
standard  plate  but  could  tell  an  aluminum  plate  from 
the  standard.   Since  all  three  of  the  plates  in  question 
had  the  same  theoretical  sonic  reflectivity  over  a  wide 
frequency  range  it  is  apparent  that  information  other 
than  relative  echo  intensity  must  be  used  in  these 
discriminations.   It  has  been  suggested  (MacKay,  1965) 
that  the  animal  might  make  use  of  the  phase  information 
in  the  echoes  to  make  such  discriminations. 

I  would  like  to  discuss  briefly  the  possible  impor- 
tance of  phase  in  complex  sonic  pulses  and  its  roll  in 
target  discrimination.   Consider  the  simple  situation 
in  Fig.  1.   Here  a  sonic  pulse  consisting  of  two 
frequencies  is  incident  on  a  plate  with  parallel  sides, 
part  of  the  energy  is  transmitted  and  part  reflected. 
In  general  the  reflectivity  of  the  plate  will  be  different 
for  the  two  frequencies  and  so  will  the  phase  shifts. 
For  parallel  plates  the  reflectivity  and  phase  shifts 
can  be  calculated  fairly  easily  (Officer,  1958)  and  so 
they  are  potentially  good  targets  to  study  for  this 
reason.   Hence  the  incident,  transmitted,  and  reflected 
pulses  may  be  quite  different  from  one  another.   Figure 
1  does  not  represent  any  real  situation  but  merely 
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Fig.  2  .  -   (a)  Frequency  spectrum  of  a  "step"  pulse. 
Here  K  and  t  are  constants  and  f  is  the 
frequency.   (b)  This  shows  the  step  pulse 
if  all  frequencies  from  0  to  °°  are  included 
(c)  If  only  the  frequencies  from  200Hz  to 
200kHz  are  used  this  pulse  results. 


i. 


FIGURE  CAPTIONS 


Fig.  1 .  -   This  figure  illustrates  the  changes  in 

amplitude  and  phase  of  the  reflected  and 
transmitted  components  of  a  sonic  pulse 
incident  on  a  plate.   The  pulse  consists 
of  two  frequencies.   The  two  components 
of  the  incident,  reflected  and  transmitted 
pulses  are  shown. 
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illustrates  the  principles  involved  in  scattering  sonic 

pulses  from  parallel  plates.   Since  the  pulses  emitted 

by  bats  and  porpoises  may  contain  many  frequencies  let 

us  consider  a  broad  band  pulse.   Perhaps  the  simplest 

broad  band  pulse  is  a  "step"  function  (Fig.  2b).   This 

could  be  produced  physically  by  connecting  a  battery  to 

the  terminals  of  a  hydrophone.   The  active  element  of  the 

hydrophone  would  be  pulsed  out  (or  in  depending  on  polarity) 

and  remain  out  until  the  battery  was  disconnected.   This 

would  produce  a  pressure  wave  in  the  medium  (water  or  air) 

with  a  rapid  on  set  and  an  exponential  decrease  to  zero 

with  time.   The  frequency  spectrum  is  given  approximately 

by  the  formula  in  Fig.  2a  (Panther,  1965).   Here  t  and  k 

are  constants  and  f  is  the  frequency.   This  spectrum 

decreases  as  frequency  increases.   If  all  frequencies  are 

present  in  the  pulse  one  gets  the  step  function  in  Fig. 

2b.   Using  only  frequencies  from  200Hz  to  200kHz  one 

gets  the  somewhat  rounded  function  in  Fig.  2c. 

If  we  scatter  this  pulse  in  water  from  a  parallel 

section  of  air  1  cm  thick  we  receive  the  results  shown 
in  Fig.  3.   In  Fig.  3a  only  the  reflectivity  of  the 

section  has  been  taken  into  account  and  in  Fig.  3b  only 

the  phase  shifts.   In  Fig.  3c  both  the  reflectivity  and 

phase  shifts  have  been  taken  into  account.   It  is  obvious 

that  if  only  the  reflectivity  of  the  scatterer  is  taken 
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into  account  the  incident  and  reflected  pulses  are  very 
much  alike  but  when  the  phase  shifts  are  taken  into 
account  the  reflected  pulse  is  very  much  changed.   Note 
that  the  pulse  in  Fig.  3c  is  inverted  as  well  as 
distorted.   This  is  because  the  scatterer  has  a  lower 
acoustic  impedance  than  the  surrounding  medium. 

If  we  now  scatter  our  step  pulse  from  a  1  cm  thick 
aluminum  plate  in  water  we  get  the  pulses  shown  in  Fig.  4. 
Here  again  in  Fig.  4a  only  the  reflectivity  is  considered, 
in  Fig.  4b  only  the  phase  shifts  and  in  Fig.  4c  both 
reflectivity  and  phase  shifts  are  considered.   Here  the 
pulse  is  not  inverted  because  the  acoustic  impedance  of 
aluminum  is  higher  than  water.   However,  much  less  of  the 
acoustic  energy  is  reflected  from  aluminum  than  air 
because  the  acoustic  impedances  of  aluminum  and  water 
are  much  closer  than  air  and  water. 

Let  us  now  apply  these  simple  theoretical  considera- 
tions to  the  experiment  performed  by  Evans  and  Powell. 
In  this  experiment  parallel  plates  of  aluminum,  copper, 
and  brass  were  used.   The  porpoise  was  unable  to  distin- 
guish between  a  0.32  cm  brass  plate  and  the  standard  0.22 
cm  copper  plate.   It  did  however  successfully  distinguish 
the  standard  plate  from  a  0.79  cm  aluminum  plate.   All 
three  of  these  plates  have  the  same  reflectivity  over  a 
wide  range  of  frequencies.   Figure  5  gives  the  results 
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obtained  from  theoretically  scattering  a  step  function 
pulse  containing  frequencies  from  200Hz  to  200kHz  from 
the  three  plates.   In  each  case  shown  both  the  reflectivity 
and  the  phase  shifts  have  been  taken  into  account.   The 
pulses  from  brass  and  copper  are  very  much  alike  while 
the  pulse  from  aluminum  is  different  in  that  it  contains 
some  definite  ringing  structure.   While  this  isn't  a  very 
dramatic  demonstration  it  does  show  a  difference  between 
aluminum,  brass,  and  copper  due  to  phase  shifts.   If  only 
reflectivity  were  taken  into  account  the  pulses  would  of 
course  be  identical.   It  must  be  remembered  at  this  point 
that  the  step  function  pulse  was  chosen  for  simplicity 
and  not  because  it  represented  the  actual  pulses  used  by 
the  porpoise  in  making  the  discrimination.   If  a  pulse 
with  more  energy  in  the  higher  frequencies  had  been  used 
the  differences  would  have  been  larger.   Calculations 
taking  into  account  reflectivity  and  phase  shifts  using 
actual  pulses  emitted  by  the  porpoise  during  the  experiment 
are  being  made.   Also  it  should  be  noted  that  we  have 
considered  only  normal  incidence.   Taking  into  account  the 
angular  distribution  of  the  various  frequencies  components 
in  actual  pulses  may  be  important. 

Figure  6  shows  the  results  obtained  from  scattering 
the  step  function  pulse  from  1  cm  aluminum,  lucite,  and 
cork  plates  in  air.   These  results  show  a  marked  difference 
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from  one  to  another  and  indicate  the  possible  importance  of 
phase  shifts  to  bats.   Here  again  the  pulse  would  be 
identical  if  only  the  reflectivity  were  taken  into  account. 

Let  us  now  consider  the  roll  of  pulse  rate  in 
porpoise  echo  ranging.   This  has  been  mentioned  by  Mr. 
Evans  and  Dr.  Dziedzic.   A  simple  experiment  was  conducted 
to  try  to  determine  the  relation,  if  any,  between  pulse 
rate  and  target  range.   This  experimental  arrangement  is 
shown  in  Fig.  7.   A  porpoise  blindfolded  with  suction 
cups  was  trained  to  retrieve  small  objects.   In  Fig.  7 
the  porpoise  is  shown  approaching  a  weighted  air  filled 
rubber  ring.   The  concentric  circles  are  20  cm  apart. 
The  sound  emitted  by  the  porpoise  and  its  position  relative 
to  the  target  were  recorded  simultaneously  on  video  tape 
via  the  TV  camera  (lower  right  center)  and  the  hydrophone 
(far  right)  (Fig.  7).   This  experiment  was  conducted  with 
the  assistance  of  Clark  Bowers  and  W.  E.  Evans  who  helped 
a  great  deal  with  the  data  analysis  also. 

Three  targets  were  used  in  the  experiment  and  these 
are  shown  in  Fig,  8.   The  largest  was  the  weighted  foam 
rubber  ring  with  a  40  cm  long  stick  attached.   The  smallest 
target  was  a  single  Squib  vitamin  pill  and  the  third 
target  was  four  vitamin  pills  tied  together  as  shown  in 
Fig.  8.   A  meter  stick  is  shown  in  the  figure  to  indicate 
the  target  sizes.   The  porpoise  retrieved  the  ring  by 
picking  it  up  on  his  rostrum.   The  two  smaller  targets  he 
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Fig .  9 .  -   This  figure  gives  the  click  rates  in  clicks 
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using  the  single  pill.   Straight  lines  have 
been  drawn  connecting  the  points  for  one  of 
the  nine  runs. 
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-  Semilog  plot  of  click  rate  versus  time  before 
reaching  the  target  for  the  ring  (Open  circles) 
four  pills  (crosses),  and  single  pill  (closed 
circles).   These  are  averages  of  all  the  runs 
in  each  case. 
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picked  up  in  his  mouth.   Nine  data  runs  were  taken  with 
the  single  pill  and  six  each  with  the  four  pills  and  the 
ring.   Pulse  rates  versus  time  were  determined  from 
sonagraphs  of  the  audio  recordings  and  the  animal's 
position  versus  time  was  determined  from  the  video  record- 
ings.  From  these  two  sets  of  data  the  pulse  rate  versus 
distance  and  the  speed  of  the  porpoise  could  be  deter- 
mined at  any  time  or  position  relative  to  the  target. 
In  Fig.  9  the  click  rate  in  clicks  per  sec  has  been 
plotted  against  range  from  the  target  in  cm  for  all  nine 
of  the  runs  taken  using  the  single  pill.   Straight  lines 

have  been  drawn  connecting  the  points  for  one  of  the  nine 
runs.   There  is  a  great  deal  of  scatter  in  the  points 

plotted  in  Fig.  9  and  a  great  deal  of  variability  in  the 

pulse  rates  for  a  given  run.   While  the  pulse  rates  do  in 

general  increase  with  decreasing  range  the  great  variability 

in  rate  from  run  to  run  and  within  the  individual  runs 

make  it  extremely  doubtful  that  the  animal  makes  use  of 

pulse  rate  in  its  target  range  determinations.   The  great 

variability  in  pulse  rate  also  would  make  one  wonder  if 

the  time  difference  tones  suggested  by  Nordmark  (Nordmark, 

1961)  are  used  either.   However,  this  possibility  is 

not  ruled  out. 

In  Fig.  10  the  log  of  clicks  per  sec  averaged  for  all 

the  runs  with  each  target  is  plotted  versus  time  before 

the  animal's  rostrum  becomes  even  with  the  target.   At  time 
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Fig.  11.  _  Plot  of  the  average  range  versus  time  for  all 
of  the  runs  in  each  case.   The  animal's  speed 
for  the  ring  runs  (open  circles)  was  approxi- 
mately 60  cm/sec  while  it  was  only  about 
30  cm/sec  for  the  four  pills  (crosses)  and 
single  pill  (closed  circles).'   Note  the  decrease 
in  speed  at  about  30  cm. 


RANGE  cm ) 

Fig .  12 .  -  Plot  of  click  rate  versus  range  averaged  for 
all  the  runs  taken  with  the  ring  (opened 
circles),  the  four  pills  (crosses),  and  the 
single  pill  (closed  circles). 
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zero  the  animal's  rostrum  is  even  with  the  target  (zero 
range).  Two  things  should  be  noted  from  Fig.  10.  First 
the  pulse  rate  becomes  maximum  in  each  case  about  .1  to 
.2  sec  from  the  target  and  decreases  as  the  target  is 
approached.  The  second  thing  to  note  is  that  the  click 
rate  starts  to  increase  in  each  case  at  almost  the  same 
time,  1.6  sec  from  the  target. 

Figure  11  gives  a  plot  of  range  from  the  target 
versus  time  averaged  in  each  case  for  all  the  runs  for 
each  target.   From  this  plot  the  porpoise's  speed  can  be 
estimated.   The  average  speed  for  the  single  pill  and 
four  pill  runs  was  about  30  cm/sec  and  for  the  ring  60 
cm/sec.   The  plot  of  log  average  click  rate  versus  range 
shown  in  Fig.  12  was  obtained  from  the  data  in  Figs.  10 
and  11.   Here  the  velocity  was  assumed  to  be  constant  and 
extrapolated  to  ranges  greater  than  60  cm.   Here  we  see 
that  the  click  rates  at  a  given  range  may  vary  by  as 
much  as  a  factor  of  two  for  the  three  targets.   If  click 
rate  and  range  were  related  one  would  not  expect  this 
variation. 
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ABSTRACT 

The  possible  use  of  phase  information  by  the  porpoise 

in  discriminating  between  metallic  plates  has  been 

investigated  on  the  basis  of  simple  theoretical  considera- 
tions.  While  the  results  indicate  that  there  are  definite 

differences  in  reflected  pulse  shapes  due  only  to  phase 

differences  more  detailed  calculations  than  the  present 

ones  should  be  made.   Measurements  of  echolocating  pulse 

rate  versus  range  and  time  before  target  contact  have 

been  made.   While  the  pulse  rates  do  in  general  increase 

with  decreasing  range  it  is  unlikely  that  the  animal 

makes  use  of  pulse  rate  for  range  determination.   The 

time  before  target  contact  seems  to  be  the  dominant 

factor  rather  than  range    in  its  effect  on  pulse  rate. 

This  experiment  does  not  indicate  how  the  animal  determines 

range . 
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GENERAL  CHARACTERS 

OF  ACOUSTIC  ORIENTATION  SIGNALS 

AND  PERFORMANCE  OF  SONAR 

IN  THE  ORDER  OF  CHIROPTERA 

by 

F.  P.  MOHRES 

Sonar  systems  do  not  exist  in  all  members  of  the  order  of 
Chiroptera.  According  to  our  present  knowledge  all  members  of  the 
suborder  of  bats,  Microchiroptera ,  possess  more  or  less  efficient 
sonar  systems.  Up  to  the  present  time,  the  use  of  sound  for  object 
discrimination  has  been  found  only  in  the  Genus  Rousettus  of  the 
suborder  of  fruit-bats,  Megachiroptera .  These  fruit-bats  use  sonar  as  a 
complement  to  their  well  developed  dim- light  vision.  All  other  fruit 
bats  rely  totally  on  vision. 

Characters  of  orientation  signals  in  bats  show  a  rather  wide 
variety,  which  up  to  the  present  has  only  been  studied  in  a  general 
way.  Of  the  16  families  of  Microchiroptera  only  four,  Vespertilio- 
nidae, Rhino lophidae ,  Megadermatidae  and  Phy 1 lo stoma t idae ,  have  been 
rather  throughly  examined.  More  sporadic  data  exist  for  the  other 
families. 

For  convenience  we  will  discuss  families  for  which  we  have 
rather  complete  information. 
1.  Vespertilionidae  (very  similar  to  Noctilionidae  and  Mo loss idae) 

Orientation  sounds  of  the  Vespertilionidae  are  generally  rather 
short  (1-3  msec). The  signals  get  longer  when  the  bats  fly  in  open 
space  far  from  obstacles.  On  the  average  they  are  longer  in  species 
which  fly  at  high  velocity,  and  hunt  on  routes  allowing  free  and 
unimpeded  flight  (Nyctalus  noctula).  The  signals  usually  have  a 
rather  complex  structure.  They  consist  of  a  more  or  less  extended 
band  of  different  frequencies,  mostly  in  the  range  of  35  to  80  kHz. 
Amplitude  rises  very  steeply  in  the  beginning,  declining  less  steeply 
at  the  end.  The  sounds  show  a  very  definite  frequency-modulation. 
Frequency  is  high  at  the  beginning,  going  as  high  as  80  kHz.  It 
decreases  more  or  less  gradually  to  half  the  value  towards  the  end. 
Thus,  the  frequency  decline  within  the  signal  is  about  one  octave. 
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Intensity  of  signals  generally  is  rather  high.  The  sound  pressure 
at  a  distance  of  5  cm  from  the  mouth  of  a  Myotis  lucifugus  has  been 
found  to  be  as  high  as  110  dB.  A  few  species  (Plecotus,  etc. )  have 
rather  weak  signals  consistent  with  their  special  hunting  patterns. 

Repetition  rate  of  orientation  signals  varies  with  the 
situation.  Before  flight  a  bat  searching  around  may  produce  not 
more  than  10  signals  per  second.  The  repetition  rate  during  flight 
may  vary  between  10  and  50.  Approaching  a  goal  or  obstacle,  the 
bat  may  increase  the  repetition  rate  up  to  200  or  300/ sec.  To  give 
general  values  for  the  whole  family  is  scarcely  possible,  as 
differences  between  the  species  are  rather  great.  However,  we  can 
say,  that  in  this  group  an  increase  of  the  information  flux  obviously 

requires  an  increase  of  repetition  rate,  i.e.  more  signals  per 
time  unit. 

In  general,  vespertilionid  bats  emit  acoustic  signals  through 
the  mouth.  Only  a  few  species  are  able  to  alternatively  use  the 
nasal  pathway.  As  far  as  can  be  told  by  examination,  the  sound- 
producing  apparatus  in  all  Microchiroptera,  is  the  larynx. 

To  generally  characterize  the  efficiency  of  the  sonar  system 
in  verspertilionid  bats  is  rather  difficult,  as  information  is 
restricted  to  a  few  species.  Exact  values  have  been  given  for 
Myotis  lucifugus.  These  bats  seem  to  be  unable  to  perceive  wires 
of  less  than  0,12  mm  diameter.  This  value  lays  within  the  range 
which  has  been  found  in  tests  with  other  species  of  Vespertilionidae. 

2.  Rhino lophidae 

Studies  of  the  ultrasonic  orientation  mechanism  in  Rhino lophidae 
or  horseshoe-bats  have  first  of  all  revealed  remarkable  differences 
in  the  signals  and  locating  mechanisms  of  the  two  groups  of  michro- 
chiroptera,  and  have  initiated  comparative  studies  in  this  field. 
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Horseshoe-bats  never  emit  their  orientation  signals  through  the 
mouth,  but  through  the  nostrils.  The  signals  are  characterized  by 
their  long  duration,  the  presence  of  only  one  intense  frequency,  and 
the  nearly  complete  absence  of  frequency-modulation  and  amplitude 
modulation.  The  level  of  the  constant  frequency  varies  from  species 
to  species,  and  only  to  a  small  degree  within  the  species  from 
individual  to  individual.  In  the  bigger  European  Horseshoe-bat 
(Rhino lophus  ferrum  equinum)the  frequency  is  about  84  kHz.  The 
smaller  Rhino lophus  hippo sideros  emits  pulses  on  the  average  of  108 
kHz.  The  very  tall  Rhinolophus  hildebrandt  from  Kenya  has  a  frequen- 
cy of  38  kHz.  Harmonics  are  nearly  totally  suppressed.  Thus 
orientation  signals  have  the  character  of  very  pure  tones,  in  which 
only  the  first  and  the  last  waves  show  frequency-modulation.  A 
final  outburst,  resembling  somehow  an  orientation  signal  of 
vespertilionid  character,  may  be  present  when  orientation  sounds  of 
horseshoe-bats  are  produced  with  high  intensity. 

Intensity  of  signals  varies  with  the  size  of  the  species. 
Compared  with  vespertilionid  bats  of  the  same  size,  the  intensity 
is  very  high.  In  Rhinolophus  ferrum  equinum  the  sound  pressure  at 
a  distance  of  5  cm  in  front  of  the  nostrils  is  about  115  dB. 
Rhino lophid  bats  are  fitted  with  a  kind  of  focusing  apparatus,  which 
is  represented  by  the  "horseshoe",  a  reflector- like  structure 
surrounding  the  nostrils  built  up  by  connective  tissue  and  muscle- 
fibres.  This  focusing  apparatus  allows  the  emitted  sound  to  be 
concentrated  into  a  very  narrow  bundle,  or  even  to  a  far  reaching 
beam.  Thus,  horseshoe  bats  can  locate  over  a  distance  of  several 
meters.  In  Rhinolophus  ferrum  equinum  it  is  evident  that  the  bat 
can  recognize  objects  to  a  distance  of  about  ten  meters. 

The  duration  of  signals  is  long  as  compared  with  all  other  groups 
of  bats.  In  the  non-flying  bat  the  orientation  sounds  last  as  long 
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as  50  -  60  msec  on  the  average  (Rhino lophus  ferrum  equinum). 
Signals  can  have  a  maximum  length  of  100  msec.  During  flight 
signals  usually  are  shorter,  and  in  the  approach  phase  they  can  be 
reduced  to  10  msec.  Intervals  between  the  signals  are  rather  short 
compared  with  the  duration  of  signals.  Thus,  signals  of  rhino lophid 
bats  show  a  tendency  to  continuous  tones. 

The  efficiency  of  the  sonar  system  seems  to  be  more  perfect  than 
in  vespertilionid  bats.  That  horseshoe-bats  can  identify  objects  by 
their  sonar  over  a  distance  of  several  meters  has  already  been 
mentioned.  Rhino lophus  ferrum  equinum  can  detect  wires  of  no  more 
than  0,06  mm  diameter  and  it  fails  to  detect  wires  of  0,05  mm.  The 
family  Hipposideridae  resembles  the  Rhino lophidae  in  many  ways: 
They  possess  similar  noseleafs  and  movable  ears,  but  orientation 
sounds  are  more  complicated,  as  they  consist  of  two  distinguishable 
parts:  an  initial  part,  which  is  a  pure  tone  of  very  high  frequency, 
and  a  terminal  part  resembling  the  orientation  signals  of  Vespertilionida 


A  detailed  investigation  of  the  sonar  of  Hipposideridae  is  in  pre- 
paration in  our  institute. 

3.  Megadermatidae 

Megadermatidae  or  False  Vampyre  Bats  belong  to  the  same  super- 
family  as  the  Rhino lophidae.  The  emit  their  sonar  signals  only 
through  the  nostrils,  and  they,  too,  possess  a  megaphone- like 
structure  of  the  nose- leaf  acting  as  a  beaming  device. 

The  Megadermatidae  use  signals  of  very  short  duration.  Megaderma 
_lvr_a,  when  resting,  emits  orientation  sounds  which  average  0,67  msec. 
During  the  flight  the  signals  are  somewhat  longer  (average  1,18  msec). 
In  the  approach-phase  pulses  are  continuously  shortened. 

Frequency  structure  of  the  signals  shows  special  features.  The 
signals  consist  of  3  or  4  harmonic  frequencies.  In  the  species 
mentioned,  the  basic  frequency  is  about  20  kHz,  the  other  harmonic 
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laying  at  40,60  and  80  kHz.  The  highest  frequency  present  is  the 
most  intense  one.  Frequency-modulation  is  nearly  absent.  The 
envelope  form  of  the  signal,  i.e.  the  course  of  amplitude,  may  be 
ovoid  or  resemble  more  the  shape  of  vespertilionid  signals. 

Repetition  rate  changes  from  10  per  sec  in  resting  position  to 
10  -  80  during  flight,  the  highest  values  belonging  to  the  approach 
phase. 

In  spite  of  the  low  intensity  of  signals,  the  efficiency  of 
the  sonar  system  is  rather  good.  Megadermatid  bats  can  detect  wires 
of  0,06  mm  diameter,  but  the  sonar  does  not  operate  over  long 
distances.  The  limit  for  object  discrimination  seems  to  lay  in  a 
distance  of  about  two  meters  maximum.  As  these  bats  fly  rather  slow 
and  prefer  hovering,  there  may  be  no  real  necessity  for  orientation 
over  a  longer  distance. 

4.  Phyllostomatidae 

Orientation  signals  of  the  Phyllostomatidae  or  American  vampyre 
bats  show  some  resemblance  to  those  of  the  Megadermatidae.  The 
differences  in  this  group  are  rather  remarkable.  The  bat  Phyllo stoma 
hastatum,  may  serve  as  example  of  the  first  type.  This  bat  is 
omnivorous,  and  the  nose  leaf  shows  some  similarity  with  that 
of  the  Megadermat idae .  Signal  duration  is  in  the  range  of  vesperti- 
lionid bats  (1-3  msec),  but  the  signals  lack  frequency-modulation 
which  is  so  characteristic  of  the  Vespertilionidae.  Harmonics  are 
present,  basic  frequency  being  in  the  range  of  10  -  15  kHz.  The 
harmonic  content  seems  to  vary.  Some  pulses  contain  only  the  basic 
frequence  plus  second  and  third  harmonics,  others  are  restricted  to 
the  higher  harmonics  up  to  90  -100  kHz.  In  general,  the  shorter  the 
sounds,  the  higher  is  the  harmonic  range.  The  repetition  rate  shows 

no  peculiar  features.  Intensity  is  medium,  and  sound  pressure 

2 
measured  at  a  distance  of  50  cm  is  1  dyn/cm  . 
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The  subfamilies,  Carolliinae,  Stenoderminae,  Glossophaginae, 
and  the  related  family,  De smodont idae ,  are  remarkable  for  their 
extremely  weak  orientation  sounds.  These  sounds  show  close  similar- 
ity in  frequency  structure.  Signals  contain  several  clearly  visible 
harmonics  which  show  variation  of  presence  and  sometimes  change  even 
within  one  single  pulse.  The  highest  recorded  frequencies  are  in 
the  range  of  100  -  120  kHz. 

Wires  of  0,175  mm  could  be  detected.  Whether  this  is  the 
limit  or  not  is  not  known. 

5.  Review  of  the  sound  characters  in  other  groups 

For  other  groups  of  Chiroptera  the  data  are  still  rather 
sporadic.  It  may  be  useful  to  condense  our  present  knowledge  into 
the  form  of  a  table,  referring  to  the  superfamilies. 
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ECHOLOCATION  IN  AN  ATLANTIC  BOTTLENOSE 
PORPOISE  DURING  DISCRIMINATION 

by 

Kenneth  S.  NORRIS,  William  E,  EVANS 

and  Ronald  N.  TURNER 


Introduction 

Knowledge  of  cetacean  echolocation  capability  has  rested  primarily  upon 
gross  behavioral  observations  correlated  with  the  presence  of  sound  emission 
(for  example,  see  Schevill  and  Lawrence,  195&;  Kellogg,  I96I;  and  Norris  et  al., 
196l).  Analysis  of  sounds  implicated  in  echolocation  has  generally  been 
casual  and  almost  nothing  is  known  of  sequential  changes  that  occur  when  a 
porpoise  closes  upon  a  target.  Controlled  experiments  upon  the  details  of 
click  trains  are  wholly  wanting,  though  some  details  of  arbitrarily  selected 
sounds  exist  (Kellogg,  Kohler  and  Morris,  1953)- 

Recently,  two  of  us  completed  an  experiment  in  which  an  Atlantic  bottle - 
nose  porpoise  was  required  to  accept  blindfolds  and  perform  a  discrimination 
between  nickel  steel  ball  bearings  of  two  sizes  suspended  beneath  the  water 
surface  (Turner  and  Norris,  I966) .  Eventually  this  animal  was  able  to  give 
error -free  performance  at  a  disparity  of  ^ .kO   cm  vs  6-35  cm  diameter  (2  l/8 
vs  2  l/2"),  with  performance  falling  off  to  77$  success  at  a  disparity  of 
5.71  cm  vs  6.35  cm  (2  l/k   vs  2  l/2").  During  this  test  a  series  of  sound 
recordings  was  made  which  allow  analysis  of  some  details  of  echolocation. 

As  the  subject  swam  in  toward  a  pair  of  levers  extending  15  cm  into  the 
water  behind  and  between  which  the  stimulus  spheres  were  suspended  25  cm 
below  the  surface,  recordings  were  taken  of  the  entire  sequence  of  sound 
emission  (Fig.  l) .  The  subject  was  required  to  press  the  lever  on  the  side 
of  the  largest  sphere.  Several  replicate  recordings  were  made  for  runs  at 
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each  stimulus  disparity  level,  thus  allowing  statistical  treatment  of  observed 
variation  in  the  associated  click  trains .  Comparison  between  run  series  at 
different  disparity  levels  allows  appraisal  of  features  of  click  trains  that 
apparently  are  related  to  the  difficulty  of  discrimination. 

Our  data  are  not  as  complete  as  we  wish  them  to  be.  Underwater  sound 
gear  that  could  record  the  entire  frequency  range  of  the  emitted  signals  was 
not  available  to  us.  Likewise  unavailable  was  photographic  monitoring  equip- 
ment allowing  precise  localization  of  the  animal's  position  at  all  times. 
Recordings  during  two  of  the  stimulus  pair  states  proved  unusable  because  of 
instrumental  difficulties  (5-71  cm  vs  6.35  cm  and  6.35  cm  vs  6.35  cm).  Even 
so,  a  reasonably  complete  picture  was  obtained  of  many  of  the  signal  charac- 
teristics used  by  the  porpoise  as  it  swam  toward  the  stimulus  pair.  The  free- 
standing circular  plastic  tank  was  a  highly  reverberant  environment,  as  is 
evident  from  the  taped  records.  Both  complexly  reflecting  sounds  from  within 
the  tank  and  outside  sounds  transmitted  through  the  tank  walls  were  present. 
In  spite  of  this  complex  sound  environment  the  porpoise  was  able  to  discrimi- 
nate at  an  impressive  level. 

Before  presenting  and  analyzing  the  data  our  usage  of  some  special 
terms  needs  to  be  defined . 
Click  train.  Each  entire  unbroken  series  of  clicks  emitted  during  the  course 

of  a  discrimination.  In  this  experiment  nearly  every  discrimination  run 

was  composed  of  a  single  click  train. 
Burst.  Within  each  click  train  more-or-less  distinct  subdivisions  can  be 

discerned  in  which  repetition  rate  cycled  from  low  to  high  levels  and  back 

again. 
Click.  A  short  plosive  sound  often  composed  of  two  parts  in  Tursiops,  typified 

by  almost  instantaneous  rise  time. 
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Introduction 

Knowledge  of  cetacean  echolocation  capability  has  rested  primarily  upon 
gross  behavioral  observations  correlated  with  the  presence  of  sound  emission 
(for  example,  see  Schevill  and  Lawrence,  1956;  Kellogg,  196l;  and  Norris  et  al., 
1961).  Analysis  of  sounds  implicated  in  echolocation  has  generally  been 
casual  and  almost  nothing  is  known  of  sequential  changes  that  occur  when  a 
porpoise  closes  upon  a  target.  Controlled  experiments  upon  the  details  of 
click  trains  are  wholly  wanting,  though  some  details  of  arbitrarily  selected 
sounds  exist  (Kellogg,  Kohler  and  Morris,  1953)- 

Recently,  two  of  us  completed  an  experiment  in  which  an  Atlantic  bottle - 
nose  porpoise  was  required  to  accept  blindfolds  and  perform  a  discrimination 
between  nickel  steel  ball  bearings  of  two  sizes  suspended  beneath  the  water 
surface  (Turner  and  Norris,  I966) .  Eventually  this  animal  was  able  to  give 
error -free  performance  at  a  disparity  of  5 .kO   cm  vs  6-35  cm  diameter  (2  l/8 
vs  2  l/2"),  with  performance  falling  off  to  77$  success  at  a  disparity  of 
5.71  cm  vs  6.35  cm  (2  l/k   vs  2  l/2").  During  this  test  a  series  of  sound 
recordings  was  made  which  allow  analysis  of  some  details  of  echolocation. 

As  the  subject  swam  in  toward  a  pair  of  levers  extending  15  cm  into  the 
water  behind  and  between  which  the  stimulus  spheres  were  suspended  25  cm 
below  the  surface,  recordings  were  taken  of  the  entire  sequence  of  sound 
emission  (Fig.  l) .  The  subject  was  required  to  press  the  lever  on  the  side 
of  the  largest  sphere.  Several  replicate  recordings  were  made  for  runs  at 
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each  stimulus  disparity  level,  thus  allowing  statistical  treatment  of  observed 
variation  in  the  associated  click  trains .  Comparison  between  run  series  at 
different  disparity  levels  allows  appraisal  of  features  of  click  trains  that 
apparently  are  related  to  the  difficulty  of  discrimination. 

Our  data  are  not  as  complete  as  we  wish  them  to  be.  Underwater  sound 
gear  that  could  record  the  entire  frequency  range  of  the  emitted  signals  was 
not  available  to  us.  Likewise  unavailable  was  photographic  monitoring  equip- 
ment allowing  precise  localization  of  the  animal's  position  at  all  times. 
Recordings  during  two  of  the  stimulus  pair  states  proved  unusable  because  of 
instrumental  difficulties  (5«71  cm  vs  6.35  cm  and  6.35  cm  vs  6-35  cm).  Even 
so,  a  reasonably  complete  picture  was  obtained  of  many  of  the  signal  charac- 
teristics used  by  the  porpoise  as  it  swam  toward  the  stimulus  pair.  The  free- 
standing circular  plastic  tank  was  a  highly  reverberant  environment,  as  is 
evident  from  the  taped  records .  Both  complexly  reflecting  sounds  from  within 
the  tank  and  outside  sounds  transmitted  through  the  tank  walls  were  present. 
In  spite  of  this  complex  sound  environment  the  porpoise  was  able  to  discrimi- 
nate at  an  impressive  level. 

Before  presenting  and  analyzing  the  data  our  usage  of  some  special 
terms  needs  to  be  defined . 
Click  train.  Each  entire  unbroken  series  of  clicks  emitted  during  the  course 

of  a  discrimination.  In  this  experiment  nearly  every  discrimination  run 

was  composed  of  a  single  click  train. 
Burst.  Within  each  click  train  more-or-less  distinct  subdivisions  can  be 

discerned  in  which  repetition  rate  cycled  from  low  to  high  levels  and  back 

again. 
Click.  A  short  plosive  sound  often  composed  of  two  parts  in  Turs iops ,  typified 

by  almost  instantaneous  rise  time. 
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POST  TARGET  RUN  ORIENTATION  CLICKS 
(RATE=  20-30  pps) 

DISCRIMINATION  PULSES 
(RATE -20-230  pps) 


FREQUENCY-OCTAVE   BANDS   Hz 

Octave  band  analysis  of  the  low  frequency  portions  of  orientation 

and  discrimination  clicks. 

STIMULUS   DISPLAY 


a 


DIAL 
* 


MOORING  LINE 


WATER    LINE 


PONTOON 


Q     *i     Q  STANDARD  SPHERE 


RESPONSE    APPARATUS 


^200 
<fc  I  50- 

§  100 


MOORING 
LINE 


PONTOON 


PONTOON 

IDGE 

I 


/Sj    BRI°GE        fijV' 


LEVER 
MOUNT 


WATER  LINE 


Fig.  3  Spatial  relations  of  level  array  and  test  spheres 


:      0  I  2 

TIME,  sec 

Fig.  h     Changes  in  repetition  rate  during  a  successful  2-3  sec  discrimination 

run  at  sphere  disparity  of  2.0"  vs.  2.5".  Note  the  initial  high  rate 
rapidly  subsiding  to  a  relatively  uniform  level  and  then  the  final 
rapid  burst  just  before  press  of  the  left  lever. 
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Interclick  interval.  The  time  period  between  the  end  of  one  single  or  double 

click  and  the  onset  of  another. 
Intraclick  interval.  When  a  double  click  is  emitted  that  lasts,  altogether, 
a  millisecond  or  two,  the  intraclick  interval  is  taken  as  the  time  period 
between  the  end  of  the  first  major  spike  and  the  beginning  of  the  last  in 
the  pair. 
Discrimination  click.  A  tentative  term  for  clicks  produced  by  the  animal 

during  discrimination. 
Orientation  click.  A  tentative  term  for  clicks  produced  when  the  subject 
apparently  is  orienting  to  general  features  of  the  environment.  Character- 
istically, in  the  human  audible  region,  these  clicks  are  of  high  amplitude 
and  long  duration,  and  low  frequencies  are  emphasized  as  compared  to  dis- 
crimination clicks  (Fig.  2). 
Circuit  time.  The  time  required  for  the  onset  of  a  click  to  travel  from  the 
emitting  source  to  a  target  and  back  to  the  animal's  ears. 

Materials  and  Methods 
The  porpoise  used  in  this  experiment,  an  adult  female  Atlantic  bottle - 
nose  porpoise  (Tursiops  truncatus  Montagu)  weighed  approximately  300  lbs,  and 
was  7  ft.  total  length.  She  was  housed  in  7-3  m  diameter  x  1.2  m  deep  plastic 
swimming  pool  or  the  University  of  California,  Los  Angeles  campus.  Tank  water 
was  compounded  of  tap  water  and  water-softener  salt,  replenished  completely 
every  two  to  three  weeks  and  held  at  about  a  salinity  of  35  o/ooo.  Water 
temperature  varied  somewhat  around  the  figure  of  20°  C. 

The  subject  was  blindfolded  with  cast  RTV  silicone  rubber  suction  cups 
pressed  lightly  over  her  eyes .  The  animal  was  then  required  to  circle  the 
tank  counterclockwise  and  home  in  on  the  stimulus  display,  which  consisted  of 
an  inverted  T-shaped  rod  at  each  end  of  which  was  mounted  a  nickel -steel  ball 
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bearing.  One  ball  bearing  (the  reference  sphere)  was  always  6.35  cm  in 
diameter,  while  the  other  bearing  varied  in  size  according  to  the  test  situa- 
tion. Sizes  used  varied  from  3.I8-5.7I  cm  diameter.  The  side  on  which  the 
reference  sphere  appeared  was  varied  according  to  a  limited  random  series . 
The  bearings  were  12.7  cm  apart,  measuring  from  the  inner  curve  of  each. 
Sixty  cm  in  front  of  the  stimulus  display  was  located  a  pair  of  cylindrical 
lucite  levers,  mounted  on  floats  60  cm  apart  (Fig.  3)«  The  subject  was 
required  to  press  the  lever  on  the  side  where  the  reference  sphere  appeared. 
Her  collateral  behavior  became  quite  stereotyped  during  the  tests .  She 
circled  the  tank,  about  1.8-2  m  from  the  edge,  rose  to  the  surface  for  a 
single  respiration  at  about  2.^-3  m  from  the  stimulus  display,  then  swam 
toward  the  spheres  underwater.  When  the  tip  of  her  snout  was  an  estimated 
k-5-60   cm  from  the  levers  she  either  changed  course  abruptly  and  pressed  the 
most  distant  lever  with  her  rostrum  or  continued  directly  ahead  and  pressed 
the  nearest  lever.  Occasionally  she  refused  to  make  the  required  discrimina- 
tion. After  an  error,  the  reference  sphere  was  always  presented  again  on  the 
same  side  though  the  data  indicate  that  the  animal  did  not  learn  this  (Turner 
and  Norris,  1966) . 

It  was  often  possible  to  predict  when  the  porpoise  would  make  an  error 
by  watching  for  variations  in  her  collateral  behavior.  Such  error -related 
behavior  usually  consisted  of  her  varying  the  position  of  the  respiration  so 
that  a  shorter -than -usual  distance  was  available  for  the  click  train  emission 
Click  trains  were  shorter  in  this  situation.  Other  errors  were  made  when  she 
swam  closer  to  the  tank  wall  than  usual  and  thus  approached  the  display  at 
a  greater  than  usual  angle.  Once  the  correct  lever  was  pressed,  a  whistle 
reinforcement  was  immediately  given  by  the  operator.  This  can  sometimes  be 
heard  on  the  taped  record.  The  porpoise  then  withdrew  her  rostrum  from  the 
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lever  and  continued  the  counterclockwise  circle.  At  this  time  a  single  surf 
smelt  (Hypomesus  pretiosus )  was  thrown  in  the  tank .  As  the  animal  left  the 
lever  she  gave  a  very  characteristic  burst  of  loud,  long -duration  orientation 
clicks,  much  different  in  frequency  and  duration  than  the  clicks  used  during 
discrimination  runs. 

Once  the  reward  fish  hit  the  water  the  animal  localized  upon  the  splash 
while  emitting  a  discrimination  click  train,  sometimes  much  more  prolonged 
and  with  bursts  of  higher  repetition  rate  than  those  used  during  sphere 
discrimination.  The  click  train  was  especially  prolonged  and  of  fast  repeti- 
tion rate  if  the  fish  floated  and  had  to  be  discriminated  from  the  surface 
ripples . 

If  the  porpoise  made  an  error,  the  stimulus  display  was  immediately 
removed  from  the  water  and  a  "time-out  period"  instituted  as  punishment. 

During  selected  runs,  which  included  both  correct  responses  and  errors, 
recordings  were  made  of  click  trains  and  the  following  orientation  clicks, 
using  an  Atlantic  Research  Corp.  pressure  transducer,  model  LC-10,  coupled 
to  a  Uher  UOOOS  portable  tape  recorder,  through  a  battery  powered  preamplifier, 
Ballantine  Model  220B.  The  response  of  this  system  is  limited  by  the  recorder 
to  a  +2.5  db  from  50  Hz  to  20kHz  at  7-5  ips  (19-05  cm/sec).  Since  the 
frequency  and  transient  response  limits  of  the  system  are  well  below  those 
demonstrated  for  some  porpoises  (Norris  and  Evans,  1966)  the  signals  recorded 
in  this  study  do  not  give  a  complete  representation  of  the  signal  available 
to  the  animal  for  discrimination. 

Data  analysis  was  performed  with  a  Minneapolis -Honeywell  "Visicorder" 
recording  oscillograph  mod.  1508.  The  visicorder  was  equipped  with  a  M  8000 
galvanometer  with  a  flat  response  from  DC  to  5000  Hz.  Setting  tape  playback 
at  l/k   or  l/8  recording  speed  raises  oscillograph  response  to  20  to  ^OkHz  while 
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the  time  axis  is  stretched  k   to  8  times  real-time  values.  This  expanded  time 
scale  greatly  facilitates  the  study  of  individual  clicks,  the  accurate 
measure  of  click  duration,  repetition  rate  and  rise  time.  In  this  recorder 
photosensitive  paper  is  fed  at  a  controlled  speed  past  a  moving  spot  of  light 
reflected  from  a  mirror  galvanometer.  Long  click  trains  were  analyzed  using 
paper  speeds  of  25  to  2000  mm/sec  at  l/8  recording  tape  speed.  This  yielded 
a  real  time  paper  speed  of  200  mm/msec  to  16,000  mm/msec.  In  some  cases  tapes  to  be 
analyzed  had  high  ambient  noise.  Variable  filters  (Kron-Hite  mod.  315A)  were 
introduced  between  the  tape  playback  and  the  oscillograph.  With  suitable 
frequency  setting  much  of  this  noise  could  be  eliminated  with  minimal  degrada- 
tion of  the  wanted  signal.  Octave  band  analysis  was  made  using  the  same 
filters . 

It  should  be  noted  that  as  the  upper  frequency  response  of  the  oscillo- 
graph is  effectively  increased  by  slowing  of  the  data  tape,  the  low  frequency 
limit  of  the  tape  is  increased  by  the  same  factor,  e.g.  at  a  speed  reduction 
of  8x  frequencies  below  ^00  Hz  are  lost.  Also  in  many  cases  click  durations 
are  contaminated  by  the  reverberant  nature  of  the  test  environment  because  it 
was  difficult  to  resolve  that  part  of  the  click  signature  that  was  directly 
of  animal  origin  and  that  due  to  reverberation. 

Results 

Successful  discrimination  runs  were  made  by  the  porpoise  which  involved 
from  1.1  to  k.J   second  click  trains  given  at  repetition  rates  that  varied 
from  20/sec  to  230/sec  Often,  though  not  always,  these  click  trains  started 
at  rates  between  80-100/sec  and  quickly  descended  to  50-T0/sec  Usually  sub- 
sequent fluctuations  in  rate  during  the  majority  of  the  click  train  fell 
within  20/sec  on  either  side  of  this  lower  level.  Toward  the  end  of  many 
runs  the  rate  rose  rapidly  to  its  peak  at  130-l8o/sec  and  then  dropped  rapidly, 
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Fig.  5  Range,  mean  and  standard  deviation  of  successful  discrimination  runs 
at  various  sphere  disparities. 
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Fig.  6  Relations  between  repetition  rate  and  interclick  interval  for  clicks 
of  various  durations.  Sea  water,  20°  C,  salinity  35  o/ooo. 
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often  to  levels  below  50/sec  (J?ig.  k) .     The  animal  was  apparently  silent  for 
approximately  the  last  0-5-1  meter  before  the  appropriate  lever  was  pressed. 
As  the  animal  turned  away  from  the  levers  the  slow  orientation  click  train 
was  emitted,  followed  by  the  click  train  of  discrimination  clicks  directed  at 
the  fish  reward . 

Nine  features  of  these  runs  have  been  considered.  Some  vary  regularly 
in  relation  to  stimulus  disparity  and  may  be  manipulated  by  the  porpoise 
during  discrimination  behavior  in  natural  situations.  The  features  considered 
are  duration  of  click  train,  animal  speed,  repetition  rate,  click  duration, 
interclick  interval,  intraclick  interval,  frequency,  intensity  composition  of 
emitted  clicks,  and  echoes. 
Duration  of  click  train.  The  regular  respiration  made  before  a  discrimination 

run  is  audible  on  most  tapes  and  can  be  recognized  on  visicorder  traces. 

Its  cessation  is  taken  here  as  the  beginning  of  a  discrimination  run,  since 

echolocation  clicks  began  immediately  after  its  completion. 

For  the  simplest  discrimination  analyzed  here  (3«l8  vs  6-35  cm)  click 
trains  were  very  uniform  and  of  short  duration,  averaging  2.0  seconds,  and 
ranged  between  1.2  and  2.9  seconds  (Fig.  5)-  The  most  striking  feature  of 
the  more  difficult  runs  (K.k5   vs  6.35  cm  and  5«l8  vs  6.35  cm)  was  a  marked 
increase  in  variability  of  click  train  length.  While  some  trains  at  5*18  vs 
6.35  cm  were  short,  these  were  mostly  errors.  Three  out  of  four  click  trains 
l.k   seconds  duration  or  shorter  resulted  in  errors.  Trains  resulting  in 
errors  averaged  1.8  seconds  duration  while  click  trains  of  correct  runs  averaged 
2.5  seconds.   Long  click  trains  were  common,  the  longest  being  k.J   seconds 
duration. 
Animal  speed .  Approximations  of  locomotion  speeds  during  discrimination  runs 

can  be  made.  The  initial  respiration  was  estimated  by  eye  to  be  accomplished 
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between  8  and  10  feet  from  the  lever  apparatus.  Since  the  animal  did  not 
seem  to  move  this  point  of  respiration  farther  from  the  levers  on  difficult 
problems,  it  must  have  slowed  its  locomotion  somewhat.  This  was  confirmed 
by  observation  as  were  the  general  range  of  calculated  speeds.  Average  cal- 
culated speeds  can  be  determined  from  elapsed  time  and  the  estimated 
distances  as  3«1  miles  per  hour  (111  cm/sec)  for  a  stimulus  pair  disparity 
of  3.18  vs  6.35  cm  and  2.5  raph  (86.3  cm/sec)  for  5-18  vs  6.35  cm.  The 
slowest  run  took  k.J   sec,  which  converts  to  a  speed  of  57*8  cm/sec  or  1.3 
mph . 
Repetition  rate.  Click  repetition  rates  during  discrimination  runs  averaged 
65  clicks/sec  for  3.I8  vs  6.35  cm,  7^  clicks/sec  for  k.h-5   vs  6.35  cm,  and 
78  clicks/sec  for  5.18  vs  6.35  cm.  Even  if  the  extreme  rate  of  230  clicks/ 
sec  is  considered  these  rates  are  very  low  compared  with  published  figures 
(Norris  et  al.,  I96I,  kl6   clicks/sec;  Lilly,  1962,  1200  clicks/sec;  Evans 
and  Prescott,  1962,  525  clicks/sec).  This  difference  seems  to  be  related  to 
the  distance  between  the  porpoise  and  the  discriminated  object.  In  these 
tests  repetition  rates  reached  much  higher  levels  when  the  animal  was  search- 
ing for  a  fish  than  during  discrimination  of  spheres.  In  the  discrimination 
tests  the  animal  never  approached  the  target  spheres  closer  than  60  cm,  and 
it  seems  probable  that  the  final  high  repetition  rate  burst  often  given 
was  related  to  localizing  the  levers  and  not  the  spheres,  though  this  cannot 
be  said  with  certainty.  When  localizing  the  reward  fish  the  porpoise  con- 
tinued to  echolocate  until  shortly  before  grasping  the  fish,  and  often  had 
to  search  diligently  under  the  irregularities  of  the  surface  for  floating 
fish. 

During  the  majority  of  most  discrimination  runs  repetition  rates  fluctu- 
ated within  rather  narrow  values,  punctuated  here  and  there  by  bursts  which 
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reached  repetition  rates  2-3  times  this  level.  These  base  levels  varied  as 
sphere  disparities  varied.  On  the  easiest  test  (3-18  vs  6.35  cm)  the  general 
rate  between  bursts  hovered  between  about  30/sec  and  70/sec .  With  lesser 
sphere  disparity  this  base  rate  seldom  dipped  below  50/sec,  and  was  generally- 
found  between  50/sec  and  about  80/sec 

No  regular  sequential  change  in  repetition  rate  over  the  entire  click 
train  occurred  as  the  animal  closed  upon  its  target,  except  for  the  commonly- 
observed  burst  of  relatively  high  repetition  rate  clicks  that  closed  the  run. 

Reasons  for  sequential  changes  in  repetition  rate  might  be  the  place- 
ment of  the  echo  either  in  the  interclick  interval  or  the  superposition  of  the 
echo  upon  the  next  following  (Fig.  6)  click.  During  a  run  from  respiration 
to  lever  press  the  circuit  time  for  a  click  hitting  the  spheres  varied  from 
k.8  msec  to  1.6  msec  (Fig.  T)«  If  we  assume  that  the  click  was  1  msec  in 
duration  every  click  emitted  by  the  porpoise  would  have  the  onset  of  its  echo 
fall  in  the  interclick  interval  until  the  very  close  range  of  Ul  cm  was 
reached,  at  which  distance  the  returned  echo  would  just  arrive  at  the  end  of 
the  outgoing  click.  This  distance  corresponds  approximately  to  the  estimated 
distance  at  which  the  animal  broke  for  one  lever  or  another  and  ceased  to 
echolocate . 

At  a  repetition  rate  of  60/sec,  such  a  1  msec  click  takes  up  only  about 
l/l6  of  the  time  from  its  beginning  to  the  initiation  of  the  next  click, 
hence  repetition  rates  need  not  be  especially  precise  while  still  maintaining 
the  echo  in  the  interclick  interval,  though  the  echo  is  certainly  of  longer 
duration  than  the  emitted  signal.  In  fact  under  these  circumstances  the 
click  and  the  onset  of  the  echo  can  overlap  only  at  the  very  close  range  men- 
tioned and  more  than  2h   m  away,  where  the  echo  would  return  during  emission 
of  the  successive  click.  At  the  distance  of  3.65  m  from  the  spheres  circuit 
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Fig.  8  Paired  clicks  recorded  at  sea  off  Santa  Catalina  Island,  California, 
from  Tursiops  gilli.   Repetition  rate  of  click  train;  U0-50/sec 
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Fig.  9  Schematic  diagram  of  a  click  train,  showing  click,  rigid  body  echo, 

sphere  signature  and  k   msec  space  between  click  and  echo  onset, 
convertible  to  difference  tone  of  250  Hz.  Target  at  10'  (3.3  meters) 
for  sound  at  5000  fps  (152U  mps),  repetition  rate,  33/sec . 
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time  is  k.Q   msec  and  a  repetition  rate  of  187/sec  would  be  required  to  cause 
overlap,  a  situation  never  observed.  The  highest  reading  for  repetition  rates 
at  initiation  of  click  trains  was  170/sec.  However,  analysis  of  echoes  from 
ensonified  metal  spheres  in  water  has  been  performed  by  Hickling  (I96U),  and 
Hickling  and  Diercks  (1966)   and  the  major  returning  echo  is  about  5x  the  dura- 
tion of  the  emitted  signal,  with  perhaps  significant  energy  still  being  returned 
after  a  duration  of  8x  the  emitted  signal.  Thus,  the  rather  long  interclick 
interval  found  here  will  not  always  serve  to  contain  the  echo  wholly  a€  the 
initiation  of  a  run  but  will  contain  the  echo  during  most  of  the  remainder  of 
the  run.  Toward  the  end  of  each  run,  before  the  final  high  repetition  burst 
occurs,  the  echo  will  cease  at  about  the  midpoint  of  the  interclick  interval 
or  a  little  afterward . 

The  orientation  click  trains  emitted  as  the  porpoise  turned  away  from 
the  levers  were  composed  of  8-15  clicks  emitted  at  the  very  slow  repetition 
rate,  perhaps  indicating  their  use  for  detection  of  relative  distant  objects 
or  to  contain  long  reverberant  echoes  in  the  interclick  interval.  Repetition 
rates  during  localization  of  reward  fish  were  higher  than  those  exhibited 
during  discrimination  runs  and  often  exceeded  ^OO/sec  These  runs  were  often 
very  long,  usually  because  the  animal  had  difficulty  in  locating  the  fish  when 
it  floated  among  the  surface  waves . 

Click  duration  and  structure.  The  highly  reverberent  environment  of  the  tests 
makes  it  difficult  to  determine  the  total  duration  of  clicks  with  precision. 
The  clicks  are  clearly  paired  emissions  whose  peaks  can  be  clearly  seen 
above  the  background  noise  level.  The  same  kind  of  paired  signal  has  been 
recorded  repeatedly  from  Tursiops  recorded  at  sea  (Fig.  8).  At  sea  rever- 
beration is  often  insignificant  and  more  detail  can  be  noted.  It  can  be 
seen  in  such  recorded  signals  that  the  click  is  often  composed  of  two 
trans lent -like  energy  peaks  each  about  0.2  msec  in  length,  with  a 
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somewhat  variable  intraclick  interval  between.  Further,  it  can  be  noted 
that  the  peak  amplitude  of  the  individual  clicks  is  seldom  equal.  One 
might  assume  that  this  two -parted  click  represents  different  arrival  time 
for  two  sound  paths,  say  a  direct  path  from  the  animal  and  one  reflected 
from  the  nearby  water  surface.  This  does  not  seem  correct  as  all  cetacean 
species  do  not  always  produce  double  clicks  in  similar  physical  circum- 
stances. For  instance  the  rough-tooth  porpoise  (Steno  bredanensis)  usually 
produces  single  clicks  (Norris  and  Evans,  In  press).  Further,  such  single 
and  double  clicks  have  been  recorded  at  different  times  in  the  same  tank  and 
recording  situation  depending  upon  which  species  was  resident.  Further, 
there  seems  to  be  no  sequential  variation  in  intraclick  interval  such  as 
one  would  expect  during  the  undulatory  swimming  of  a  porpoise  closing  on  a 
target  if  travel  paths  are  involved.  Thus,  we  feel  fairly  confident  that 
the  double  click  is  an  actual  emission  feature  of  Tur slops  and  may  relate 
to  the  shape  or  vibratory  characteristics  of  the  radiating  structure,  or  to 
the  frequency  structure  of  the  emitted  signal. 
Intraclick  interval.  As  in  the  case  of  click  duration,  intraclick  interval 
is  difficult  to  determine  with  precision.  In  spite  of  the  high  background 
noise  of  our  experiment  it  is  possible  to  make  estimates  by  measuring  the 
time  between  the  prominent  spikes  of  a  double  click.  Such  measurements  show 
that  intraclick  interval  varied  from  0.^  to  0.7  msec  during  a  single  run. 
Doubling  tends  to  disappear  at  high  repetition  rates,  but  otherwise  there 
seems  to  be  no  sequential  relationship  to  its  occurrence,  or  to  the  length 
of  intraclick  interval,  in  our  tests.  Interestingly,  doubled  clicks 
recorded  from  Tursiops  gilli  at  sea,  off  the  California  coast,  show  that  if 
half  of  such  a  click  is  considered  it  appears  identical  with  recorded 
examples  of  single  clicks . 
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Frequency.  The  size  of  the  largest  sphere  (6.25  cm)  represents  the  wavelengh 
of  sound  in  sea  water  (20  c)  of  23.8kHz.  Since  echo  strength  in  water 
drops  off  sharply  for  objects  below  the  diameter  of  a  wavelength,  it  is 
likely  that  most  of  the  information  used  by  the  discriminating  animal  in 
these  tests  was  obtained  from  frequencies  higher  than  our  recording  system 
could  detect. 

Even  though  in  these  runs  we  only  examine  the  low  frequency  end  of  each 
emission  it  is  evident  that  the  animal  exerts  considerable  control  over  the 
frequency  composition  of  its  signals.  This  control  was  evident  when  the 
animal  switched  from  discrimination  click  emission  to  orientation  click  emission, 
after  leaving  the  lever  array  (Fig.  l) .  While  frequencies  below  the  2^00- 
14.800  Hz  octave  barti  were  wholly  absent  in  discrimination  clicks  they  were  well 
represented  in  orientation  clicks  down  to  the  3OO-6OO  Hz  octave  band . 

Although  recording  gear  with  high  frequency  capability  was  not  available 
during  the  discrimination  tests  it  has  subsequently  become  available.  Addi- 
tional studies  of  the  same  porpoise  have  been  performed  in  which  she  was 
required  to  make  one  of  the  same  blindfolded  discriminations  (3«l8  vs  6.35  cm). 
Recordings  made  during  this  test  allow  sampling  of  the  frequency  range  in  her 
clicks.  The  apparatus  consisted  of  an  Ampex  FR1300  tape  recorder,  with  a 
tape  speed  of  60  ips,  an  Atlantic  Research  LC  32  hydrophone,  and  a  Hewlett- 
Packard  k66-A   AC  amplifier.  The  frequency  range  used  by  the  porpoise  in  this 
discrimination  was  surprisingly  low,  with  the  approximate  upper  level  at 
about  80kHz,  and  with  the  majority  of  energy  concentrated  between  l6-30kHz. 
Reverberations .  Griffin  (1955)  has  emphasized  the  difficulties  in  interpreta- 
tion of  sound  in  a  reverberent  aquatic  situation,  and  rightly  so,  but  the 
problems  may  be  ours  and  not  the  porpoise's.  Use  of  reverberation  by  the 
animal  seems  especially  likely  for  the  long -duration  clicks,  which  because 
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of  their  length  and  low  frequency  content,  generate  much  more  reverberation 
that  the  short -duration  higher -frequency  discrimination  clicks.  A  "ringing" 
of  the  environment  develops  (audible  on  the  tapes),  which  is  possibly  quite 
useful  to  the  animal  in  terms  of  the  general  placement  of  surrounding 
objects. 
Echoes .  Assuming  our  animal  was  using  echoes  from  the  spheres  in  its  discrimina- 
tion behavior,  as  seems  likely,  we  may  ask  what  information  thus  became 
available  to  the  animal.  Such  information  can  be  expected  to  fall  into 
three  categories.  First,  echo  strength  might  be  involved.  Second,  frequency 
composition  of  the  echo  is  likely  to  be  involved,  and  finally,  the  overall 
intensity  pattern  of  the  echo  may  be  significant. 

We  made  no  analysis  of  echoes  returning  to  the  porpoise  from  the  test 
spheres.  However,  we  are  fortunate  that  careful  studies  of  echoes  returning 
from  submerged  metal  spheres  have  recently  been  reported  (Hickling,  19&2,  19&+; 
Hickling  and  Diercks,  1966) .  These  authors  show  that  a  metal  sphere  (12.7  cm 
in  diameter),  either  hollow  or  solid,  water  or  vacuum -filled  behaves  in  part 
as  an  elastic  and  partly  rigid  object,  and  that  its  echo  characteristics  are 
predictable.  Such  echoes  have  been  described  by  Hickling  (196*0  as  follows: 
"The  first  point  to  note  about  the  echoes  is  that,  in  each  case,  the  first 
part  corresponds  to  a  rigid -body  reflection,  i.e.  it  has  the  same  shape 
approximately  as  the  incident  pulse  and  has  a  travel  time  which  shows  that  it 
has  originated  from  the  region  on  the  surface  closest  to  the  source  of  inci- 
dent waves.  The  remainder  of  the  echo  consists  of  sound  generated  by  the 
vibrations  induced  within  the  sphere.  For  short  incident  pulses  these  sec- 
ondary echoes  are  separated  from  the  primary  echo.  For  long  pulses  they 
overlap  and  interfere  with  the  primary  echo." 

Since  the  initial  part  of  the  returning  echo  is  a  rigid  body  reflection, 
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and  closely  approximates  the  form  of  the  impinging  signal,  a  calculation  can 
be  made  for  the  relative  intensity  of  this  portion  of  the  signal  for  different 
spheres  sizes.  It  procedes  as  follows: 

The  signal  strength  (T)  returned  from  an  ensonified  sphere  of  known 
dimensions  and  composition,  in  water,  may  be  defined  as: 

T  =  20  log  (Ps/Pi)  (1) 

where  Pi  =  the  sound  pressure  incident  upon  the  target,  and  Ps  =  the  sound 
pressure  scattered  back  at  a  distance  of  1  m  from  the  effective  center  of-  the 
target . 

As  an  example,  the  target  strength  of  a  perfectly  reflecting  sphere  of 
radius  a  meters,  which  theoretically  reradiates  the  intercepted  sound  energy 
uniformly  in  all  directions,  is  given  by: 

T  =  20  log  (a/2)  (2) 

This  is  the  case  for  a  perfect  reflector,  however  if  the  target  is  not 
a  perfect  reflector,  part  of  the  energy  intercepted  by  the  target  is  converted 
to  heat  or  into  internal  waves  and  only  a  fraction  u,  of  the  energy,  is 
reflected.  The  effect  of  absorption  of  sound  by  the  target  is  therefore 
equivalent  to  reducing  the  target  area  by  the  fraction: 

(i-/)  (3) 

The  percentage  reflectivity  of  the  nickel-steel  targets  used  in  this 
experiment  cannot  be  determined  exactly,  since  an  accurate  value  of  the 
characteristic  acoustic  impedance  (  /°0C0)   of  the  steel  used  is  not  available. 
However,  using  the  values  for  Steel  0.08  and  O.38  given  in  Olsen  (i960)  and 
Kinsler  and  Frey  (196*0,  /^oCo  steel  =  390  x  1CT  and  for  sea  water,  15.5  x 
10  ,  the  coefficient  of  sound  power  reflection  ^Cr  can  be  determined  by  the 
following  equation: 
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k 
where    C^  =  characteristic  impedance  of  sea  water  15-5  x  10  MKS  rayls. 

h 
Cp  =  characteristic  impedance  of  steel  390  x  10  MKS  rayls 

by  substituting  the  appropriate  values,  an  o(r  for  steel  of  O.96  is  obtained. 
Since  o(r  =  p.   (i.e.  fraction  of  energy  reflected),  the  target  area  of  the  steel 
sphere  used  is  effectively  reduced  by   1-0. 96  or  0.0^.  Relative  target 
strengths  for  the  range  of  spheres  used  in  this  study  range  from  a  difference 
of  6  dB  for  the  greatest  disparity  to  1  dB  for  the  smallest  (5-71  cm  vs  6.35 
cm) .  Thus  there  is  reason  to  expect  that  target  strength  of  the  initial  echo 
may  have  contributed  to  the  animal's  size  discrimination  capability. 

The  effective  size  of  the  target  also  influences  the  frequency  composi- 
tion of  the  echo.  For  wavelengths  of  sound  long  in  relation  to  the  target 
area  of  the  ensonified  sphere  reflection  is  small.  As  wavelength  A, 
approaches  the  value  of  the  target  area  of  the  sphere,  echo  strength  increases 
sharply,  allowing  a  definition  of  the  lowest  frequency  that  one  may  expect  to 
be  strongly  represented  in  an  echo.  The  relationship  is: 

cr  =  7Td2A  (5) 

where  6    =  target  area,  d  =  diameter  of  sphere 

The  energy  content  in  signals  reflected  from  rigid  spheres  of  d  =  6.35 
cm,  5*71  cm,  and  5«l8  cm  should  be  reduced  at  frequencies  below  12.5kHz, 
15-0kHz  and  16.5kHz  respectively.  These  differences  are  sizeable  and  would 
be  expected  to  be  easily  detectable  by  the  animal. 

Finally,  the  secondary  echoes  found  by  Diercks  and  Hickling  (op.  cit.) 
result  from  the  elastic  nature  of  spheres  suspended  in  water.  These  authors 
found  very  strong  frequency -dependent  pressure  amplitude  peaks  and  nulls  in 
the  echoes  of  their  spheres,  and  were  able  to  predict  their  position  mathe- 
matically with  remarkable  fidelity.  Their  solid  spheres  acted  much  as  if  the 
sound  was  behaving  as  a  surface  wave  within  the  sphere,  and  falling  off  toward 
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the  interior.   Echo  forms  were  clearly  dependent  upon  the  nature  of  the 
reflecting  material.  For  example,  Hickling  (1962,  p.  1587)  says:   "In  all 
cases  the  results  begin  at  low  frequencies  as  though  the  solid  were  a  rigid 
body,  changing  in  general  into  a  fairly  regular  series  of  peaks  and  minima 
as  frequency  increases.  With  a  rigid,  incompressible  material  such  as 
beryllium,  the  change  from  the  rigid  body  solution  is  not  very  great.  How- 
ever, as  the  material  becomes  more  compressible  and  pliant,  the  resonances 
tend  to  become  more  pronounced  and  more  closely  spaced .  In  the  case  of 
Lucite  and  ice  the  resonances  have  become  quite  sharp  and  close  together." 
Armco  Iron  tested  by  Hickling  falls  about  midway  between  the  extremes,  and 
supports  well-defined  resonances.  Furthermore,  Hickling  showed  that  slight 
changes  of  dominant  frequency  in  the  incident  pulse  (as  for  example  between 
120kHz  and  123kHz)  could  produce  very  marked  differences  in  echo  form,  depend- 
ing upon  the  constituent  material. 

Thus,  when  the  porpoise  ensonifies  spheres  with  its  echolocation  clicks 
there  would  seem  to  be  ample  means  for  it  to  determine  not  only  size  but 
composition  as  well  from  the  echo  (Fig.  9)  •  The  first  portion  of  the  echo, 
where  the  size -dependent  frequency  roll-offs  and  intensity  variations  are 
found,  could  carry  information  about  size.  Information  related  to  both  com- 
position and  size  could  be  carried  in  the  later  portions  of  the  echo  where 
the  characteristic  arrangement  of  nulls  and  peaks  and  pulse -length  effects  are 
most  evident . 

Discussion 

When  one  requires  a  porpoise  to  indicate  which  of  two  ball  bearings  is 
larger  by  performing  an  instrumental  act,  one  is  really  asking  two  questions: 
(l)  Are  the  bearings  of  different  sizes?  and  (2)  which  is  larger?  Our  sub- 
ject gave  some  indication  that  these  two  questions  were  real  and  separable  to 
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her  by  occasionally  turning  abruptly  away  from  the  levers  and  stimulus  array 
when  the  control  test  of  two  identical  6.35  cm  spheres  was  presented.  This 
behavior  puzzled  us  for  some  time  as  it  seemed  inconceivable ,  at  first,  that 
an  animal  should  be  able  to  tell  when  this  impossible  problem  had  been  presented 
and  yet,  at  other  times,  know  that  a  possible  but  difficult  problem  had  been 
presented.  In  the  latter  case  she  often  lengthened  her  dec is ion -making  time 
and  still  failed  to  choose  the  correct  lever  to  press. 

However,  when  one  delves  into  the  sort  of  information  that  may  be 
carried  in  echoes  from  ensonif ied  spheres  it  becomes  evident  that  guideposts 
exist  that  might  be  difficult  to  sort  out  in  a  directional  manner.  Thus  a 
single  click  from  her  might  ensonify  both  spheres  and  if  they  were  of  different 
sizes,  return  to  her  with  a  mixture  of  two  different  lower  frequency  limits, 
and  different  intensities.  Thus  she  might  know  that  a  problem  was  before  her, 
but  find  its  solution  difficult. 

It  should  be  noted  that  it  is  only  probably  the  case  that  the  animal 
was  making  a  direct  assessment  of  sphere  size  in  this  experiment  since  a 
variety  of  other  measurements  varying  in  the  same  way  as  sphere  size,  could 
conceivably  have  been  used.  The  discrimination  of  dimensional  differences 
remains,  however.  The  most  likely  object  against  which  relative  measurements 
could  have  been  made  was  the  presentation  T  that  held  the  bearings .  The  amount 
of  reflected  sound  from  the  presentation  rod  (9.5  mm  diam.)  was  considerable 
but  since  it  was  symmetrical  it  should  not  have  entered  the  size  appraisal  as 
a  variable.  For  the  animal  to  measure  the  dimensions  of  the  spaces  between 
the  supporting  rod  and  the  inner  surfaces  of  the  bearings  would  seem  to  be  a 
vastly  harder  problem  than  simply  measuring  the  size  of  the  spheres  themselves. 
Similar  measurements  of  the  varying  distances  between  the  spheres  and  the 
water  surface  or  the  back  wall,  more  than  a  meter  away,  seem  even  more  remote. 
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It  is  evident  that  the  porpoise  exerts  considerable  control  over  several 
features  of  its  signal  output.  It  obviously  can  regulate  repetition  rate, 
intensity  and  frequency  content  and  may  have  control  over  click -doubling.  It 
is  perhaps  noteworthy  that  on  slowed  tapes  at  the  end  of  long  click  trains 
one  can  often  hear  doubled  clicks  become  increasingly  well-defined,  as  if  the 
intraclick  interval  were  lengthening.  It  seems  possible  that  all  of  these 
features  may  be  interrelated  and  controlled  by  the  state  of  the  animal's 
sound  producing  mechanism.  In  the  same  way,  orientation  and  discrimination 
clicks  may  be  the  generically -related  ends  of  a  continuum  of  possible  signal 
variation.  If  the  sound  production  depends  upon  the  passage  of  air  between 
vibrating  tissue  surfaces,  as  has  been  suggested  (Norris,  I96U)  both  changes 
in  the  tensions  of  the  tissues  and  changes  in  air  pressure  would  change 
several  features  of  the  generated  signals.  One  can  demonstrate  this  rela- 
tionship by  pressing  one's  lips  tightly  together  and  forcing  air  out  as  a 
stream  of  small  bubbles  which  produce  clicks  not  unlike  those  of  a  porpoise. 
Tightly  pressed  lips  produce  sharper,  shorter  signals,  rich  in  high  fre- 
quencies, and  higher  air  pressure  will  speed  repetition  rate  while  also  making 
some  contribution  to  higher  frequency  content  as  well.  Thus  low -frequency - 
rich  clicks  are  not  produced  by  lips  in  high  tension,  and  neither  are  the 
lowest  repetition  rates .  Click  doubling  could  also  be  related  to  pressure 
and  tension.  It  seems  to  disappear  at  high  repetition  rates  and  in  signals 
with  the  highest  frequency  content  (for  example  those  of  Steno  bredanensis; 
Norris  and  Evans,  In  press).  Thus,  it  might  be  related  to  more  modest 
tensions  and  pressures,  which  are  especially  evident  toward  the  end  of  click 
trains,  presumably  just  before  a  recycling  of  air  is  needed  in  the  closed 
phonation  system  of  a  porpoise.  If  such  an  integrated  system  exists  for  the 
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various  parameters  of  porpoise  echolocation  signals,  then  it  will  be  most 
interesting  to  see  what  degree,  if  any,  of  independent  control  the  animal 
possesses,  of  say,  repetition  rate  and  frequency  composition. 

Finally,  some  mention  should  be  made  of  possible  ways  in  which  the 
porpoise  uses  the  time  relations  within  click  trains  to  derive  information. 
The  rate -change  of  repetition  rate  itself  can  become  a  measure  of  gross 
closure  rate  at  very  close  and  moderately  distant  range.  A  much  more  precise 
measure  is  the  time  interval  between  the  end  of  an  outgoing  click  and  the 
onset  of  its  echo.  Knowing  its  own  speed  within  reasonable  limits  the 
porpoise  should  be  able  to  gain  a  good  idea  of  the  relative  speed  of  its 
target  by  assessment  of  the  rate  of  change  of  echo  placement.  This  very 
likely  takes  place  not  as  an  individual  assessment  of  one  click  in  relation 
to  its  echo,  in  rapid  click  trains  at  least,  but  as  a  psychoacoustical 
sensation  produced  by  many  clicks  and  echoes  in  which  some  features,  such 
as  the  "difference  tone,"  discussed  by  Nordmark  (i960)  provides  the  informa- 
tion. In  this  scheme  the  frequency  of  the  tone  would  indicate  distance,  and 
the  change  in  frequency  the  change  of  relative  position  between  porpoise  and 
target . 

When  a  porpoise  is  inspecting  its  environment  for  information  concern- 
ing composition  of  objects  ensonified  by  its  clicks,  much  or  all  of  the 
elongate  echo  thus  produced  may  be  important.  Thus  the  maintenance  of  a 
sufficient  interspace  between  clicks  to  contain  this  echo  may  be  important; 
implying  that  either  click  duration  or  repetition  rate  may  be  manipulated 
for  this  purpose. 

Finally,  discrimination  clicks  are  short,  with  very  rapid  rise -times 
and  have  rather  little  energy  at  low  frequencies,  and  in  the  case  of  the 
rough -tooth  porpoise  at  least,  they  are  highly  directional.  They  thus 
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generate  only  minimal  reverberation.  Thus  the  switch  from  a  discrimination 
click  train  to  an  orientation  click  train  allows  the  animal  to  control 
reverberation  to  some  degree,  and  also  to  ensonify  a  discrete  target  or  much 
of  the  immediate  environment. 

Reverberations  generated  by  the  animal  probably  allow  a  quick  general 
appraisal  of  the  position  and  size  of  large  objects  during  navigation.  The 
placement  of  much  energy  in  the  low  frequencies  will  allow  such  signals  to 
function  at  greater  range  than  discrimination  signals.  They  may  find  use  in 
localization  of  distant  schools  of  fish  or  porpoises,  of  ships  and  of  the 
general  topography  of  the  bottom.  It  is  suggestive  that  many  of  the  signals 
recorded  at  sea  in  genera  such  as  sperm  whales  (Physeter;  see  Backus  and 
Schevill,  1966),  pilot  whales  (Globicephala;  pers .  obs . )  and  false  killer 
whales  (Pseudorca;  pers .  obs . )  have  been  of  this  type . 
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Abstract 

An  Atlantic  bottlenose  porpoise  was  required  to  discriminate  "between 
two  sizes  of  nickel  steel  ball  bearings  presented  underwater,  by  pressing  one 
of  a  pair  of  levers,  on  the  side  of  the  largest  sphere.  Performance  was 
perfect  at  disparities  of  5.U0  vs  6.35  cm  or  greater,  and  fell  to  77$  success 
at  a  disparity  of  5*71  vs  6.35  cm.  During  these  tests  the  blindfolded 
subject  circled  in  the  tank,  respired  once  at  about  midtank,  and  began  a 
continuous  emission  of  clicks  as  she  swam  toward  the  choice  levers.  Emitted 
signals  were  recorded  during  different  disparity  levels.  Click  trains  usually 
started  with  a  high  repetition -rate  burst  and  quickly  descended  to  rather 
constant  levels  between  50-70/sec  until  just  before  lever  press  when  repeti- 
tion rates  rose  to  130-l8o/sec  A  silent  period  often  just  preceded  lever 
press .  Following  the  press  the  animal  emitted  about  a  dozen  very  intense  low 
frequency-rich  clicks  which  we  have  termed  orientation  clicks . 

Echoes  almost  always  fell  in  the  interclick  interval  and  it  is  postulated 
that  a  "difference  tone"  is  being  used  to  determine  closure  rate.  Determina- 
tion of  sphere  size  and  disparity  may  have  depended  upon  three  factors;  size- 
related  frequency  roll -off s,  echo  intensity,  and  ringing  induced  by  the 
ensonifying  click.   Double  clicks  were  often  used,  and  other  evidence  for 
control  of  features  of  signal  output  are  given. 
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DISCUSSION 

by 

Dr.  D.  BATTEAU 


Dr.  Norris's  paper,  regarding  the  use  of  sound  by  a  dolphin  to  dis- 
criminate between  objects,  is  particularly  interesting  because  of  the 
pioneer  nature  of  the  investigation.lt  provides  an  accurate  documentation 
of  ability  which  gives  substance  to  behavior  which  dolphins  have  been 
reported  to  exhibit  frequently.  The  experiment  described  also  poses, 
or  brings  again  to  attention,  the  question  of  means  employed  by  the 
animal  accomplishing  the  recognition. 

Trainers  working  with  animals  are  aware  that  the  intended  training  cues 
provided  and  the  unintended  cues  accompanying  their  activity  are  not 
directly  separable  by  an  animal.  As  the  inadvertent  behavior  of  the 
trainer  is  consistent  with  the  training  activity,  the  wrong  conclusion 
can  be  drawn  concerning  the  animal's  actions.  The  animal  may  be 
responding  to  signals  of  which  the  trainer  is  completely  unaware. 
In  the  reposted  experiment,  however,  the  possibility  of  mistaken 
interpretation  seems  to  have  been  adequately  avoided  and  the  results 
can  be  correctly  attributed  to  discrimination  in  sound. 
We  then  may  ask,  as  Dr.  Norris  did,  what  characteristics  of  the  sounds 
are  the  dolphin  using  in  discrimination.  In  this  regard  the  question  of 
equipment  characteristics  always  arises  because  of  the  severe  require- 
ment that  animal  sounds  are  to  be  investigated,  not  gross  distortions 
of  animal  sounds  by  reason  of  equipment  limitation.  Only  when  it  can 
be  certain  that  the  true  sounds  are  available  can  the  decision  be 
accurately  made,  and  this  requires  adequate  bandwidth  in  frequency, 
and  adequate  dynamic  range  in  volume.  The  lack  of  the  former  creates 
false  spectra  or  misleading  oscillograms,  and  the  lack  of  the  latter 
deletes  important  characteristics  from  the  recording  and  adds  confusing 
information  regarding  the  equipment. 
We  may  consider  the  problem  from  the  viewpoint  of  the  communications 
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engineer  and  call  the  sound  received  from  objects  and  environment  a 
message.  The  task  of  the  dolphin  in  the  situation  described  is  to 
understand  a  particular  part  of  that  message  having  to  do  with  the 
solid  objects  of  the  experiment.  He  must  be  able  not  only  to  assess 
their  sounds  but  also  to  separate  those  sounds  from  others  resulting 
from  reverberation,  water  noise,  or  other  sounds  present  in  the 
environment.  This  is  substantially  the  problem  of  receiving  an  in- 
telligible message  through  a  noisy  channel. 

This  leads  us  to  inquire  regarding  the  necessary  characteristics  of 
a  channel  which  will  provide  the  required  message  and  also  into  the 
nature  of  the  noise  and  means  of  ignoring  it.  If  we  turn  mathematical 
for  a  moment,  we  can  apply  ideas  relating  to  geometry  as  developed 
by  David  Hilbert  ("Foundations  of  Geometry";  "Mathematical  Physics")  . 
From  the  geometrical  point  of  view,  the  environment  is  three  dimensional, 
and  any  channel  capable  of  describing  it  must  have  the  possibility  of 
providing  three  dimensional  messages.  When  the  reference  point,  or  origin, 
is  not  fixed,  as  is  the  case  with  a  moving  animal,  at  least  four  in- 
dependent subchannels  are  needed,  one  to  provide  a  reference  or  origin 
and  three  to  indicate  values  on  the  three  coordinate  lines.  A  set  having 
the  required  dimensionality  is  called  a  spanning  set  or  simply  "spanning" 
and  if  it  has  exactly  the  required  number  of  elements  it  is  called  a 
basis. 

With  this  mathematical  requirement  we  can  ask  regarding  the  means  of 
providing  a  suitable  spanning  acoustically.  Clearly  such  a  set  could  be 
developed  in  a  number  of  ways.  If  a  single  tone  is  used  as  the  illumination, 
then  the  animal  must  occupy  successively  four  different  positions  which 
must  give  three  independent  planes  so  as  to  map  the  surrounding  space 
onto  a  suitable  acoustical  frame.  If  the  animal  is  stationary  or  moving 
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slowly,  the  characteristics  of  the  sound  must  be  different  from  a  single 

tone  and  must  itself  provide  a  spanning.  Examples  of  spanning  sounds  are 

(1)  pulses  or  sharp  clicks,  (2)  noise,  (3)  tones  with  harmonic  structure, 

and  (4)  frequency  sweeps. 

Although  each  of  these  classes  of  spanning  sounds  appears  to  have  application 

by  some  animal,  I  would  like  to  direct  our  attention  to  the  spanning 

class  "pulses".  The  means  by  which  I  speak  to  you  is  an  excellent  example 

of  its  employment.  The  vocal  pulses  are  reverberated  in  the  vocal 

tract,  which  is  rapidly  modified  to  provide  a  time  sequence  called 

"spoken  English".  If  any  question  of  feasibility  were  to  arise,  it 

seems  to  me  that  this  example  is  sufficient  to  settle  it.  Not  only 

spoken  English  is  recognized,  but  usually  subtle  differences  sufficient 

to  identify  one  speaker  out  of  thousands  are  encoded  by  the  speaker  and 

recognized  by  the  hearer.  Of  course,  if  I  were  to  whisper,  the  class  "noise" 

would  be  represented  and  would  also  provide  recognizable  messages.  However, 

speech  cannot  result  from  a  pure,  continuous  tone. 

If  having  directed  attention  to  the  use  of  pulses  to  write  sonic  messages, 

we  consider  the  pulses  produced  by  the  dolphin,  it  is  easy  to  consider 

recognition  by  this  means.  When  we  examine  dolphin  pulses  carefully, 

we  find  that  the  rise  time  is  a  microsecond  or  less,  which  requires  a 

bandwidth  of  approximately  160  kHz  if  the  information  capacity  of 

the  channel  is  to  be  preserved.  Fortunately,  the  experiments  of  Dr. 

Johnson  show  that  at  least  one  Tursiops  truncatus  can  hear  to  150  kHz 

so  that  the  utilization  of  most  of  the  channel  seems  likely. 

This,  however,  presents  severe  requirements  on  equipment  for  general  use 

in  investigation  of  dolphin  pulses.  In  Dr.  Norris's  experiment,  the  full 

channel  may  not  have  been  required  for  the  sounds  from  the  objects.  As 

he  said,  it  should  be  well  recognized  that  the  recording  equipment  used 
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did  not  present  the  complete  channel,  so  that  attempts  to  find  the 
message  characteristics  from  those  tapes  could  very  well  be  difficult 
or  impossible.  If  we  inquire  as  to  the  frequency  range  of  resonance, 
or  ringing,  from  the  objects  employed,  it  is  conceivable  that  the 
records  would  barely  contain  some  of  the  significant  data. 
Looking  at  the  writing  of  messages  in  a  pulse  channel  generally  may 
be  of  value.  When  I  speak  of  "channel"  in  this  manner,  I  do  not  refer 
to  wires  or  hydrophones,  but  to  the  symbolic  structure  and  its  patterns, 
as  in  regarding  the  alphabet  as  a  channel  for  written  language.  The 
pulse  obviously  provides  the  basic  code  element,  and  its  characteristic 
iteration  by  various  paths,  or  the  reverberation  of  the  environment  or 
object,  provides  the  message.  This  is  a  basic  PPM  (pulse-position- 
modulation),  form  of  encoding.  There  is  an  additional  factor  which  may 
be  called  "coloration",  which  is  the  alteration  of  the  spectrum  of  the 
pulse  by  the  characteristic  of  material  from  which  the  pulse  is  re- 
flected. The  basic  channel  is  then  PPM  +  coloration.  If  attention  is 
paid  only  to  the  coloration  and  not  to  the  position,  basic  information 
is  drastically  lost.  This  consideration  may  provide  an  emphasis  to  the 
remarks  of  Dr.  McKay  which  point  out  the  need  to  preserve  phase  information 
in  animal  sounds. 

When  we  recognize  the  bandwidth  available  to  the  dolphin,  and  compare  it 
with  the  bandwidth  available  to  the  ordinary  man  of  about  10  %   of  that  of 
the  dolphins',  we  can  point  out  the  error  of  "trusting  your  ears"  in  listening 
to  the  dolphin  sounds.  This  holds  true  even  when  the  tapes  are  played 
at  one-quarter  speed.  The  speed  reduction  should  be  16  to  1  if  characteri- 
zations are  to  be  retained.  This  also  supposes  that  the  original  information 
was  in  part  recorded.  We  should  then  also  be  quite  aware  of  the  possibility 
that  sounds  identical  to  the  human  hearer  could  be  widely  different  to  the 
dolphin.  These  remarks  are  to  direct  attention  to  the  "unknown  but  not 
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unknowable"  communication. 

The  "unknown  but  not  unknowable"  communication  is  exemplified  also 
by  the  unrecognized  cues  in  training  and  experimental  situations. 
While  we  can  state  accurate  mathematical  requirements  regarding 
"messages"  and  "spannings"  it  remains  for  careful  research,  of  which 
Dr.  Norris  has  provided  us  an  example,  to  demonstrate  the  realization 
of  conditions,  and  hopefully  to  point  to  data  for  decision  among  the 
many  possibilities  as  to  which  one  is  in  use, including  which  sensory 
channel  is  the  significant  one.  That  is  to  say,  we  examine  not  only 
the  meaning  of  the  message,  as  exhibited  by  behavior,  but  also  look  for 
the  alphabet  and  logic  of  encoding,  using  adequate  equipment,  to  know 
the  true  nature  of  animal  sounds  and  behavior. 


DISCUSSION 

by 
A.  D.  GRINNELL 


Although  I  originally  had  no  intention  of  saying  anything  about  this,  I 
feel  that  the  discussion  has  drifted  sufficiently  far  in  its  consideration  of 
how  dolphins  hear,  to  justify  my  introducing  some  experimental  evidence  to 
spice  the  speculation.  I  refer  to  experiments  performed  during  December  of 
I965  in  I to,  Japan,  in  collaboration  with  Prof.  T.  H.  Bullock  and 
Prof.  Y.  Katsuki  and  his  associates.   Using  techniques  of  anesthesia  recently 
developed  by  Nagle,  Morgane  and  McFarland  in  Miami,  and  Ridgeway  at  Pt.  Magu, 
we  anesthetized  dolphins  of  the  genus  Stenella  and  recorded  from  several 
auditory  centers,  particularly  the  posterior  colliculus  and  the  superior 
olivary  nuclei.  These  locations  were  found  by  rather  crude  stereotaxic  guess- 
work based  on  previous  dissections,  but  yielded  responses  consistent  with  the 
expected  nuclei,  and  histological  work  subsequently  confirmed  that  we  were 
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where  we  thought  we  were.  We  used  15  cm.  long  sharpened  tungsten  wire 
electrodes,  insulated  to  the  tip,  inserted  through  a  hole  drilled  through  the 
dorsal  surface  of  the  skull  and  then  through  the  bony  tentorium  overlying  the 
colliculus.  Actually,  the  electrode  was  lowered  through  a  metal  tube  (an 
umbrella  strut,  I  believe)  that  served  as  a  wire  guide.  This  electrode 
recorded  evoked  potentials  to  air-borne  sound  presented  in  the  form  of  brief 
ultrasonic  tone  pips.  The  results  important  to  this  discussion  concern  the 
sensitivity  to  sound  of  different  frequencies  directed  perpendicular  to 
different  points  on  the  surface  of  the  animals'  heads.  A  5  cm.  diameter 
loudspeaker  held  a  few  cm.  away  from  the  surface  provided  a  reasonably 
localized  stimulus.  At  low  frequencies  (15-30  kc),  this  stimulus  was  quite 
effective  when  directed  toward  the  external  ear,  but  slightly  more 
effective  when  aimed  at  the  side  of  the  lower  jaw  or  just  to  one  side  of  the 
front  of  the  melon.  At  high  frequencies  ( 50-100  kc)  or  with  clicks, 
sensitivity  was  greatest  to  sound  directed  at  the  side  of  the  lower  jaw,  only 
slightly  less  to  sound  directed  at  the  contralateral  side  of  the  melon,  and 
much  reduced  to  sound  aimed  at  the  external  meatus.  Thus,  as  Norris  has 
suggested,  the  lower  jaw  does  seem  to  be  capable  of  serving  an  important 
hearing  function.  To  the  best  of  ray  knowledge,  the  pathway  via  the  melon 
was  unexpected.   Clearly,  in  both  cases,  sound  energy  is  having  its  effect 
through  the  cochlea  and  normal  auditory  neural  pathways.  Whether  it  uses 
the  middle  ear  apparatus  in  both  cases  is  less  certain,  but  it  perfectly 
well  could,  despite  the  isolation  of  the  bullae  from  the  skull.  Sound  could 
travel  very  effectively  through  soft  tissue  channels.  Obviously  these 
experiments  must  be  repeated  with  water-coupled  stimuli,  where  the  effective 
energy  will  be  much  greater  and  the  importance  of  angle  of  incidence 
reduced.  This  we  hope  to  do  in  the  coming  year. 
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DISCUSSION 

par 
J.  L.  NICOLAS 


1.-  II  est  certain  que  la  classification  et  1' identifica- 
tion d'un  objet  posent  des  problemes  bien  plus  difficiles 
que  son  reperage;  la  quantite  d' information  a  manipuler  y 
est  infiniment  plus  grande  et  son  traitement  plus  subtil. 
Aussi  la  "reconnaissance  des  formes"  est-elle  encore  assez 
loin  d'etre  resolue  malgre  les  efforts  varies  de  nombreux 
chercheurs. 

L' etude  de  K.  NORRIS,  W.  EVANS  et  R.  TURNER  est  parti- 
culierement  interessante  pour  nous  ingenieurs,  car  elle 
presente  une  nouvelle  approche  de  ce  probleme  complexe,  et 
je  pense  que  celle-ci  est  extrSmement  riche  en  elle-meme,  et 
devrait  fournir  de  nombreuses  pistes  a  explorer.  Etant  donne 
ses  possibilites  on  aimerait  qu'elle  fut  commencee  depuis 
plus  longtemps;  les  resultats  presentes  par  les  auteurs  ne 
font  que  renforcer  cette  opinion. 

2.-   Comme  l'indique  les  auteurs  le  rerayonnement  d'une 
sphere  metallique  est  bien  etudie  sur  le  plan  theorique; 
les  travaux  d'Hickling  permettent  de  formuler  quelques  hypo- 
theses sur  le  procede  utilise  par  l'animal  pour  faire  la 
discrimination  des  2  cibles  qu'on  lui  presente. 

II  s'agit  de  determiner  experimentalement  quels  sonL 
les  parametres  de  la  cible  qui  fournissent  1 ' information. 

En  ce  qui  concerne  l'hypothese  d'une  classification 
faite  par  une  mesure  de  1 ' index  de  reflexion  lie  au  seul 
rayon  de  la  sphere,  il  semble  que  l'on  pourrait  aisement 
l'infirmer  ou  la  confirmer. 

Si  l'animal  se  place  a  une  egale  distance  des  2 
spheres  d'epreuve  il  peut  en  effet  par  une  simple  mesure 
comparative  de  niveaux  sonores  regus  determiner  la  plus 
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grosse  des  deux,  c'est  a  dire  reconnaltre  la  sphere  etalon, 
a  condition  toutefois  que  les  2  spheres  soient  faites  avec 
le  meme  materiau. 

On  peut  interdire  a  1 'animal  cette  possibility  en  lui 
presentant  des  spheres  d'epreuve  realisee  en  materiaux 
different s,  qui  auraient  soit  le  m§me  diametre,  mais  alors 
des  index  de  reflexion  differents,  soit  des  diametres  dif- 
rerents,  mais  des  index  identiques. 

Le  comportement  de  l1 animal  place  devant  un  tel  cou- 
ple de  sphere  pourrait  §tre  instructif. 

II  semble  aussi  qu'une  observation  fine  des  positions 
successives  de  1' animal  au  cours  de  sa  recherche,  et  des 
orientations  de  son  museau,  pourrait  fournir  des  renseigne- 
ments  interessants. 

La  nature  nous  presente  habitue llement  des  solutions 
assez  sophistiquees,  et  il  serait  etonnant  qu'elle  se  soit 
contentee  d 'avoir  cree  pour  le  dauphin  un  appareil  de  simple 
mesure  de  niveau  sonore.  D'ailleurs  il  semble  bien  que  cet 
animal  soit  capable  de  distinguer  entre  elles  des  formes 
plus  compliquees,  pour  lesquelles  une  mesure  energetique 
soit  insuf f isante. 

3.-   Il  apparait  que  le  dauphin  serait  capable  d' exploi- 
ter a  son  profit  la  reverberation  creee  par  ses  propres 
emissions.  Ceci  serait  tout  a  fait  remarquable  car,  nous, 
faute  de  savoir  utiliser  le  phenomene  de  reverberation, 
nous  nous  efforcerons  de  trouver  des  modes  d 'emission  et 
de  reception  nous  permettant  de  reduire  les  effets  nui- 
sibles  de  celle-ci. 

C'est  pourquoi  la  tendance  actuelle  est  d 'utiliser 
des  signaux  a  large  bande  qui,  sur  le  plan  theorique,  sont 
interessants  pour  d'une  part  lutter  contre  la  reverberation, 
d 'autre  part  obtenir  des  pouvoirs  de  resolution  eleves. 

Si  on  suppose  que  le  detecteur  du  dauphin  effectue 
un  traitement  coherent  utilisant  un  "filtre  adapte",  la 
performance  contre  la  reverberation  ne  depend  que  de  la 
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largeur  de  bande  B  du  signal,  et  le  pouvoir  de  resolution 
en  temps  est  de  l'ordre  de  1   . 

B 

Une  question  se  pose  alors:  la  largeur  de  bande  pro- 
vient-elle  uniquement  de  la  duree,  ou  bien  d'une  certaine 
modulation  en  frequence  ? 

Si  on  pouvait  utiliser  un  systeme  experimental 
reduisant  la  reverberation,  on  pourrait  mettre  en  evidence 
une  modification,  ou  une  absence  de  modification,  de  la 
largeur  de  bande  des  signaux,  et  ainsi  preciser  son  exploi- 
tation. 

4.-   La  theorie  de  Hickling  montre  qu'il  existe  une  fre- 
quence a  partir  de  laquelle  la  puissance  du  debut  de 
1'echo  tombe,  toutes  choses  egales  par  ailleurs,  pourrait- 
on  montrer  que  1' animal  recherche  cette  frequence  ? 

5.-   En  ce  qui  concerne  la  directivite  de  1' emission  du 
systeme  sonar  du  dauphin,  la  seule  lecture  de  ce  travail 
ne  permet  pas  de  conclure  sur  sa  finesse.  II  serait  im- 
portant de  savoir  si  l1 animal  "interroge"  simultanement, 
ou  separement  les  2  spheres. 

On  pourrait  aussi  songer  a  interdire  a  l1 animal 
d'insonifier  simultanement  les  2  spheres,  et  le  placer 
ainsi  dans  les  m£mes  conditions  que  l'on  rencontre  lorsque 
l'on  a  a  distinguer  des  jumeaux  non  places  cdte  a  c6te. 
L1 animal  fait-il  une  mesure  absolue,  ou  une  mesure  rela- 
tive ?  Cette  question  pose  finalement  celle  de  la  nature 
de  la  memoire  de  I1 animal,  elle  deborde  du  cadre  du  tra- 
vail presente,  mais  peut-on  aborder  les  problemes  de  clas- 
sification en  ignorant  ceux  de  la  memoire  ? 

6.-   Ce  qui  apparait  nettement  et  finalement  ce  qui  est 
le  plus  remarquable,  c'est  la  capacite  d' adaptation  du 
sonar  du  dauphin  a  des  situations  tres  variees. 

Cette  faculte  est-elle  seulement  liee  a  la  multipli- 
cite  des  cellules  concernees  par  ce  mecanisme  d1 echo locali- 
sation, ou  bien  releve-t-elle  d'un  autre  principe  qu'il 
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serait  tres  important  de  preciser  ? 

7.-   Pour  conclure  ces  commentaires,  je  suis  oblige  de 
constater  qu'en  fin  de  compte  c'est  une  serie  de  questions 
qui  m'est  venue  a  1' esprit  a  la  lecture  de  cette  communica- 
tion tout  a  fait  passionnante.  Je  ne  pretends  pas  avoir  ici, 
loin  de  la,  fourni  une  liste  exhaustive,  d'autant  plus  que 
j 'imagine  qu'il  existe  deja  des  reponses  a  certaines  ques- 
tions ou  que  des  experiences  deja  commencees  devraient  ap- 
porter  d'autres  reponses. 

C'est  finalement  un  dialogue  qui  est  ici  amorce, 
entre  le  biologiste  et  l'ingenieur,  et  l'un  des  merites 
du  colloque,  et  non  le  moindre  a  mon  avis,  c'est  de  per- 
mettre  de  le  poursuivre. 
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IV 

Resistance  aux  signaux  interferents 


Resistance  to  interfering  signals 


MECHANISMS  OF  OVERCOMING  INTERFERENCE 
IN  ECHOLOCATING  ANIMALS 

by 
Alan  D.  GRINNELL 


Echolocating  animals  display  extraordinary  sensory  capabilities 
in  detecting  faint  echoes,  determining  the  distance  and  direction  of 
the  echo  source,  and  discerning  the  nature  of  the  target  (Griffin, 
1958;  Grinnell,  3-962;  Griffin,  Friend  and  Webster,  1965).  Electro- 
physiological studies  of  audition  in  bats  have  revealed  neural 
adaptations  that  go  far  toward  explaining  these  abilities  (Grinnell, 
1962,  1963a-d;  Grinnell  and  Grinnell,  1965;  Suga,  1964a, b;  1965a, b; 
Henson,  I965);  hut  little  consideration  has  yet  been  given  to  the 
most  serious  problem  of  all,  i.e.,  that  bats — and  other  echolocating 
animals --must  be  able  to  perform  these  extraordinary  sensory  analyses 
under  seemingly  impossible  conditions  of  interference.  It  is  my 
intention  to  review  here  some  of  the  more  obvious  forms  of  inter- 
ference that  echolocating  animals  face  and  to  consider  possible  ways 
in  which  these  problems  might  be  overcome.  Since  most  of  our  knowedge 
both  of  the  skills  of  echo location  and  possible  mechanisms  of  neural 
processing  to  permit  them  come  from  studies  of  bats,  I  will  use  these 
remarkable  animals  as  my  main  subjects  throughout,  particularly  the 
little  brown  bat,  Myotis  lucifugus,  and  the  long-eared  bat, 
Plecotus  townsendii .  It  is  necessary  to  caution  at  the  outset,  however, 
that  by  the  very  nature  of  the  topic  much  of  what  follows  can  only 
be  labeled  speculation. 

Major  sources  of  interference. 
The  first  major  source  of  interference  is  the  outgoing  pulse  itself. 
Since  sound  in  air  travels  more  than  a  foot  per  msec.  (34.4  cm/msec), 
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an  echo  must  be  heard  and  analyzed  very  soon  after  the  onset  of  the  outgoing 
cry.  Most  bats  appear  to  shorten  their  pulses  enough  during  approach  to 
a  target  that  there  is  no  actual  overlap,  the  echo  always  falling  in  a 
"silent"  period;  but  some  bats  have  pulses  of  longer  duration,  where  over- 
lap is  almost  inevitable,  and  even  in  those  species  where  the  echo 
falls  in  a  silent  period  after  the  outgoing  pulse,  the  in  erval 
will  be  so  short  for  close  objects  that  one  would  expect  thetaudi- 
tory  system  to  be  refractory  following  response  to  the  louder  outgoing 
pulse.  This  problem  is  accentuated  in  aquatic  echolocating 
animals,  where  the  speed  of  sound  is  nearly  five  times  that  in  air. 

A  second  and  probably  more  serious  form  of  interference  is  the 
nearly  simultaneous  return  of  echoes  from  many  different  targets. 
The  arrival  time,  intensity  and  frequency  content  of  each  echo  must 
be  independently  analyzed,  since  they  reflect  the  distance,  shape 
and  direction  of  the  targets,  most  of  which  are  probably  of  importance 
to  the  animal  (e.g.  obstacles  such  as  leaves,  tree  twigs  and  branches, 
wires,  buildings,  etc.,  in  the  animal's  path  or  targets  at  any 
angle  that  might  represent  possible  meals). 

At  the  same  time,  most  echolocating  animals,  being  gregarious, 
face  interference  from  the  outgoing  orientation  sounds  of  companions 
and  the  reflected  echoes  of  these  cries.  Although  it  is  conceivable 
that  such  extraneous  orientation  sounds  might  be  useful  to  an  animal 
capable  of  analyzing  echoes  of  similar  but  self-emitted  cries,  it 
seems  more  likely  that  these  sounds  are  of  no  value  in  echolocation 
and  must  simply  represent  "jamming"  noise. 

Finally,  there  exists  the  wide  spectrum  of  ambient  noises  in 
an  animal's  environment,  some  of  which  might  represent  important 
sources  of  information  (e.g.  an  insect's  wing-beat  sounds),  but  most 
of  which  are  probably  only  "noise"  that  must  be  heard  through.   By 
employing  ultrasound  bats  have  avoided  much  of  this  ambient  noise, 
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but  the  problem  still  presents  itself  in  such  sources  as  wind 
whistling  through  vegetation,  rushing  water,  and  ultrasonic  insect 
noises.  The  only  really  quantitative  assessment  of  bat  ability 
to  resit  interference  has  been  made  with  such  "ambient"  noise,  in 
experiments  designed  to  "jam"  bats  with  broad-band  white  noise  under 
controlled  laboratory  conditions  (Griffin,  McCue  &  Grinnell,  1963)* 
In  these,  the  long-eared  bat,  Plecotus  townsendii,  was  found  to 
detect  echoes  that  were  near,  if  not  beyond,  the  limits  of  detect- 
ability  set  by  information  theory.  A  more  detailed  consideration  of 
these  experiments  will  follow. 

It  is  obvious  that  resistance  to  interference  from  all  these 
sources  depends  principally  on  two  capabilities:  (l)  a  high  degree 
of  precision  in  discrimination  of  echoes  of  self-emitted  sounds  from 
other  sounds,  and  (2)  extraordinary  temporal  precision:  the  ability 
to  separately  analyze  and  place  accurately  in  space  all  of  the 
prominent  returning  echoes,  even  when  they  occur  nearly  simultaneously 
with  considerable  overlap. 

Recognition  of  meaningful  echoes. 
A  careful  analysis  of  emitted  sounds  has  been  done  with  very 
few  species  of  bats,  but  where  it  has  been,  notably  in  bats  employing 
EM  pulses  or  constant  wavelength  signals  with  several  harmonics,  it 
has  been  found  that  there  are  detectable  slight  differences  between 
successive  pulses  emitted  by  the  same  bat  or  between  pulses  emitted 
by  different  bats.  These  may  differ  in  duration,  rate  and  pattern 
of  frequency  change,  onset  and  termination  frequency,  repetition  rate, 
and  intensity  pattern  during  emission.  All  but  intensity  pattern 
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Fig.  1.   "Timing  area"  diagram  of  a  hypothetical  collicular  neuron 
based  on  response  patterns  described  by  Suga  (1965a, b)  and 
showing  how  cells  can  be  used  to  analyze  echo  characteristics. 
The  cell  has  an  excitatory  input,  a,  bordered  by  inhibitory 
inputs  from  other  cells,  b  and  c.  If  it  is  assumed  that  the 
excitatory  and  inhibitory  inputs  have  the  same  latency  and 
that  the  inhibition  lasts  several  msec,  then  a  tone  pip  at  the 
units  best  frequency  (VI)  will  excite  only  at  intensities  lower 
than  55  clB*  A  long  FM  sweep  in  either  direction  between 
intensities  I  and  II  will  give  no  response.  The  upward 
sweep  shown  in  line  III  would  not  elicit  a  response,  but  a 
downward  sweep  though  the  same  range  would,  while  the  opposite 
is  true  of  sweep  IV.  A  lower  intensity  FM  sound  (V)  would  be 
excitatory  only  if  swept  downward  in  frequency.  Responses, 
when  present,  would  be  expected  to  be  highly  phasic.  If  the 
inhibitory  inputs  were  of  longer  or  shorter  latency  than  the 
excitatory  input,  the  effect  of  sweeping  in  different  direc- 
tions or  at  different  rates  would  be  profoundly  different,  and 
equally  important  changes  in  response  pattern  could  result  from 
having  extremely  short-term  ingibition. 


will  be  faithfully  reflected  in  the  returning  echo,  while  changes  in 
intensity  pattern  are  important  in  themselves  as  clues  to  target 
dimensions . 

There  is  good  evidence  that  the  neural  capability  exists  for 
performing  the  analyses  necessary  for  such  recognition  and  target 
discrimination.  It  has  been  found,  for  example,  that  bats  are  capable 
of  extremely  accurate  frequency  and  intensity  discrimination.  At  the 
level  of  the  colliculus,  many  single  units  exist  in  all  areas  of  the 
frequency  spectrum  that  have  extremely  sharp  "tuning  curves,"  with 
excitation  restricted  to  a  2-5  kHz  bandwidth  sharpened  by  inhibition 
at  higher  and  lower  frequencies.  The  resulting  changes  in  sensitivity 
may  exceed  10  or  20  dB  for  a  one  percent  change  in  frequency  (Grinnell, 
1963a,  Suga,  1964a).  At  the  same  time,  a  significant  number  of 
collicular  cells  are  capable  of  intensity  discriminations  as  small 
as  0.2-0.5  dB  (Grinnell,  1963a).  Other  cells  show  sharp  changes  in 
threshold  or  firing  pattern  with  changes  in  duration  of  a  signal, 
especially  in  the  range  0.5-1.5  msec  (Grinnell,  1963b).  Perhaps 
most  important,  however,  are  the  large  numbers  of  cells  found  in  the 
colliculus  and  cortex  and  studied  in  elegant  detail  by  Suga  (1964b, 
1965a, b)  that  respond  in  a  way  determined  by  the  intensity  and  rate, 
extent,  and  direction  of  sweep  of  FM  sounds .  These  are  usually  units 
with  a  narrow  excitatory  response  area  bordered  by  inhibitory  areas 
of  lower  or  higher  threshold  that  can  inhibit  at  different  delays 
and  for  different  lengths  of  time,  so  that  a  frequency  sweep  in  one 
direction  may  result  in  a  response  while  in  the  other  direction  or 
at  a  different  rate  it  will  not.  Fig.  1  shows  a  hypothetical  cell 
similar  to  many  described  by  Suga,  and  some  of  the  many  possible 
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ways  in  which  such  a  cell  could  "recognize"  fine  details  of  a  signal. 
A  few  cells  have  been  found  in  the  colliculus  and  more  in  the  cortex 
that  have  lower  thresholds  to  FM  sounds  than  to  any  constant  wave- 
length (CW)  sound  (Grinnell  8s  McCue,  I963;  Suga,  1965a, b). 

The  existence  of  cells  with  the  above  behavior  is  probably 
sufficient  to  account  for  a  bat's  ability  to  discern  differences 
between  its  own  and  other  bats'  cries,  and  even  its  own  successive 
pulses,  to  assess  differences  in  returning  echoes  reflecting  target 
dimensions,  and  to  make  the  binaural  comparisons  of  echo  intensity 
at  different  frequencies  that  may  be  necessary  for  target  localiza- 
tion (Grinnell  and  Grinnell,  1965). 

In  order  for  this  discriminating  apparatus  to  be  of  value, 
however,  it  is  necessary  that  the  bat  know  the  characteristics  of 
the  echoes  that  will  prove  meaningful,  that  is,  be  able  to  recognize 
echoes  of  its  own  immediately  preceding  emitted  pulse  and  distinguish 
them  even  from  echoes  of  its  own  earlier  pulses .  One  must  postulate 
the  existence  of  cells,  in  the  cortex,  perhaps,  that  can  assess  the 
firing  pattern  of  more  peripheral  populations  (their  input)  and 
recognize  these  patterns  as  belonging  to  a  meaningful  echo  or  not, 
representing  an  obstacle  or  a  potential  meal,  a  tasty  or  distasteful 
insect,  etc.  This  recognition  probably  depends  on  a  short-term 
"memory"  of  the  characteristics  of  the  emitted  pulse,  just  heard. 
Evidence  of  such  short-term  "coding"  of  the  auditory  system  is  clear 
even  at  more  peripheral  levels,  where  large  populations  of  cells  are 
transiently  "sensitized"  to  a  second  sound  having  the  same  character- 
istics as  the  first.  Single  units  in  the  colliculus  are  commonly 
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as  much  as  15-20  dB  more  sensitive  to  the  second  of  two  identical 
tone  pips  than  to  the  first  and  some  cells  respond  only  to  the  second 
of  two  such  identical  stimuli.  This  facilitation  lasts  only  10-20 
msec  and  is  obvious  even  in  the  evoked  potentials,  especially  the 
prominent  potential  (N^)  representing  input  to  the  posterior 
colliculus,  in  which  the  response  to  an  identical  second  stimulus  may 
be  50-100$  greater  than  the  response  to  the  first  (Grinnell,  1963b). 
The  facilitation  is  correspondingly  less  for  second  sounds  progres- 
sively removed  in  frequency  (Grinnell,  1963d).  The  present  evidence 
for  such  "coding"  is  restricted  to  data  obtained  with  tone  pips. 
There  is  a  present  no  convincing  evidence  that  populations  are  coded 
to  respond  perferentially  to  sounds  having  the  same  duration  or 
pattern  of  frequency  change.  Such  populations  almost  certainly  exist, 
however,  especially  in  the  form  of  cells  "tuned"  to  respond  prefer- 
entially to  a  sound  having  the  same  particular  EM  characteristics  as 
the  outgoing  pulse  just  heard.  If  such  specifically-facilitated  pop- 
ulations do  exist,  then  the  problem  of  identification  of  meaningful 
echoes  seems  largely  solved.  The  demonstration  of  such  behavior, 
and  of  the  change  in  firing  pattern  of  different  cells  to  very  subtly 
differing,  preferably  natural,  stimuli  is  unquestionably  one  of 
the  next  goals  of  bat  neurophysiology. 

Temporal  Resolution  Requirements 
In  order  for  echoes  to  be  heard  and  independently  analyzed, 
there  must  be  an  adequate  number  of  receptor  cells  and  higher  inte- 
grative populations  available  at  the  appropriate  time :  cells  either 
that  have  not  fired  to  immediately  preceding  signals  (outgoing  pulse 
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or  other  returning  echoes)  or  that  have  quickly  recovered  and  can 
fire  again.  The  size  of  the  cell  populations  sensitive  at  any  given 
moment  depends  principally  on  the  number  of  cells  firing  to  the  pre- 
vious sound  at  the  same  frequency  (a  function  of  the  intensity  of  the 
preceding  sound)  and  the  time  allowed  for  recovery  (the  interval 
since  the  preceding  pulse). 

Most  bats  emit  extremely  loud  pulses,  approaching  the  pain 
threshold,  so  that  whatever  the  geometry  of  vocal  cords,  eustacean 
tube,  and  ear,  there  can  be  little  doubt  that  they  hear  the  out- 
going pulse,  probably  much  louder  than  any  echoes,   (indeed,  it  is 
presumably  necessary  that  the  outgoing  pulse  be  heard,  if  its  charac- 
teristics are  to  be  known  and  the  auditory  system  sensitized  to  echoes 
having  the  same  characteristics.)  The  repetition  rate  of  these  orien- 
tation cries  typically  varies  from  10/sec  to  200/sec  in  bats,  up  to 
600  or  more/sec  in  dolphins.  Since  echolocating  bats  normally  fly 
at  a  speed  of  2-k  meters/sec .  and  must  have  a  minimum  reaction  time 
of  l/lO  to  l/20  sec,  they  presumably  cannot  make  use  of  echoes  return- 
ing within  approximately  in  the  last  10  cm,  i.e.,  within  about  0.6  msec 
of  the  outgoing  cry.  In  other  instances,  however,  bats  hover  near 
targets,  or  locate  targets  while  hanging  stationary,  in  which  case 
reaction  time  is  not  important  and  objects  at  less  than  10  cm  distance 
(less  than  0.6  msec  interval)  can  probably  be  detected  and  recognized. 
It  is  necessary,  therefore,  that  we  be  able  to  explain  the  presence 
of  significant  numbers  of  sensitive  elements  even  at  intervals  of 
less  than  0.6  msec  after  the  loud  outgoing  cry,  to  which  most  auditory 
neurons  might  be  expected  to  respond. 

This  problem  may  not  be  as  formidable  as  once  envisioned,  since 
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it  is  now  evident,  from  the  beautiful  work  of  Henson  (1965),  that 
the  middle  ear  muscles  in  Tadarida  brasiliensis  mexicana  and  pre- 
sumably in  other  bats  can  and  do  contract  just  before  and  relax  at 
the  end  of  such  emitted  pulse,  reducing  sensitivity  by  as  much  as  10-15 
dB  during  the  outgoing  cry.  This  protective  mechanism  is  clearly  of 
importance  during  "searching"  flight,  when  emitted  pulses  are  loudest 
and  at  lowest  repetition  rate.  After  detection,  when  the  repetition 
rate  rises  sharply,  middle  ear  contraction  is  more  sustained  and  there- 
fore much  less  selective  in  blocking  out  the  emitted  cry. 

In  addition  to  this  middle  ear  blanking  mechanism,  it  is  quite 
possible  that  there  is  a  neural  equivalent  inhibiting  some  fraction 
of  the  peripheral  auditory  activity  during  emission.  This  has  not 
been  sought  or  demonstrated  yet,  but  could  theoretically  provide  a 
much  faster,  more  accurate  means  of  reducing  the  effect  of  the  out- 
going cry. 

Even  more  severe  problems  of  temporal  resolution  arise  from 
the  nearly  coincident  return  of  many  echoes.  Normally  a  bat  must  be 
able  to  interpret  a  barrage  of  echoes  from  objects  at  about  the  same 
distance  but  in  many  different  directions :  tree  twigs  near  the  insect 
being  pursued,  a  larger  branch  to  one  side,  a  telephone  wire  to  the 
other. . .perhaps  a  total  of  10-15  similar  echoes  arriving  within  a 
k-5   msec  period  after  pulse  emission,  each  echo  carrying  unique  infor- 
mation about  the  exact  distance,  dimensions,  and  direction  of  the 
reflecting  object.  Each  echo  must  presumably  be  independently 
analyzed  for  all  of  these  parameters.  Yet  the  differences  in  arrival 
time  will  measure  only  60  microseconds/cm  difference  in  distance, 

It  is  not  possible  to  say  how  close  together  in  time  two  echoes 
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can  "be  resolved  and  used  by  bats.  It  is  apparent  that  the  problem 
a  bat  faces  is  increased  when  such  resolution  is  necessary.  For 
example,  it  has  long  been  recognized  that  bats  do  better  in  wire 
avoidance  if  the  wires  are  near  the  middle  of  a  room  rather  than  near 
a  wall  (Griffin,  1958).  Under  such  conditions  it  is  apparently 
difficult  to  resolve  the  faint  echo  from  the  much  louder  echo  off 
the  wall  at  1-2  msec  greater  interval.  Similarly,  most  bats,  trained 
to  catch  mealworms  in  air  in  the  laboratory,  will  not  attempt  capture 
if  10-15  mealworms  are  thrown  up  simultaneously.  In  this  case  the 
returning  echoes  would  be  of  approximately  the  same  intensity  but 
very  close  together  in  time,  since  the  mealworms  normally  spread  to 
only  a  few  cm  distance  from  each  other.  Nevertheless,  some  bats 
consistently  do  single  out  one  mealworm  from  such  a  group  (Webster, 
1963);  and  other  situations  almost  certainly  exist  in  which  two 
echoes  must  be  analyzed  at  only  100-300  microseconds  interval.  It 
would  be  most  surprising  if  echoes  arriving  simultaneously  from  two 
targets  could  be  distinguished  from  each  other.  Perhaps  this  is 
impossible  even  at  separations  of  50-100  microseconds.  But  at  greater 
intervals  than  this,  it  seems  probable  that  the  ability  exists. 
Behavioral  determination  of  the  shortest  discriminable  interval  seems 
practicable,  and  would  be  of  immense  interest. 

The  duration  of  any  given  2-5  kHz  bandwidth  within  a  typical 
Vespertilionid  FM  pulse  is  about  50-100  microseconds.  In  order  for 
this  frequency  component  in  two  echoes  to  elicit  separate  responses 
at,  say,  200  microseconds  separation,  it  is  necessary  that  there  be 
two  distinguishable  peaks  of  vibration  of  the  appropriate  point  on 
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Fig.  2.  Audiograms  of  the  collicular  evoked  potential  of  the  bat, 
Phyllostomus  hastatus  panamensis,  showing  the  close  similarity 
between  curves  made  with  a  1.0  msec  tone  pip  (0.3  msec  rise 
time  and  fall  time)  and  with  a  100  microsecond  tone  pip  (50 
microseconds  rise  and  fall).  Such  similarities  are  typical  of 
all  bats  studied  to  date.  There  are  normally  no  differences 
between  audiograms  made  with  1  msec  or  longer  pulses 
having  the  same  rise  time.   (Bat  temperature,  36  C.) 
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the  basilar  membrane  at  this  interval.  No  information  is  available 
specifically  concerning  the  mechanics  of  the  bat  cochlea;  but  two 
considerations  lead  to  some  confidence  that  the  peaks  of  vibration 
are  sufficiently  quickly  established  and  sharply  localized:  (l)  the 
observed  accuracy  of  frequency  discrimination  (Grinnell,  1963a,  Suga, 
1964a),  and  (2)  the  extraordinary  speed  of  pitch  discrimination, 
evidence  for  which  is  seen  in  the  close  similarity  between  evoked 
potential  audiograms  made  either  with  1  to  10  msec  or  0.1  msec  tone  pips 
(Fig.  2).  Reasonably  accurate  discrimination  of  frequency  seems  to 
be  possible  with  only  2-3  cycles  of  sound,  perhaps  less.  If  the 
basilar  membrane  is  capable  of  the  necessary  resolution,  then  the 
principal  requirement  is  for  some  small  portion  of  the  sensory  ele- 
ments at  any  given  locus  to  be  sensitive  to  each  echo,  even  if  most 
of  them  have  just  fired  to  the  outgoing  pulse  or  an  earlier  echo. 
Recovery  of  responsiveness . 

Perhaps  the  most  dramatic  specialization  of  the  bat  auditory 
system  for  echolocation  is  its  phenomenally  fast  recovery  of  respon- 
siveness, and  particularly  the  central  enhancement  of  recovery, 
apparent  in  Fig.  3«  Discrete  evoked  potential  responses  to  both  of 
two  tone  pips  are  seen  down  to  intervals  of  0.4  msec,  both  at  the 
auditory  nerve  and  the  posterior  colliculus.  As  Fig.  3a  shows,  the 
interval  required  for  full  recovery  of  the  auditory  nerve  response 
(N-,  )  is  more  than  10-20  msec  on  the  average.  This  is  only  slightly 
faster  recovery  than  is  seen  in  other  mammalian  auditory  nerves. 
In  contrast  to  findings  in  other  mammals,  however,  as  the  interval 
between  stimuli  is  increased,  responsiveness  increases  more  rapidly 
at  higher  neural  levels  than  in  the  auditory  nerve  under  the  same 
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Fig.  3*  A.  Average  recovery  curves  for  the  positive  evoked  potential 
representing  activity  in  the  auditory  nerve  (Nt  ),  in  the 
cochlear  nucleus  (N2),  and  in  the  higher  order  input  to  the 
posterior  colliculus  (N^)  of  Plecotus .  Pairs  of  identical 
stimuli  of  50  kHz  or  higher  frequency  and  within  ^0  dB  of 
threshold  were  presented  at  the  intervals  shown,  and  the 
response  to  the  second  of  the  two  compared  with  that  to  the 
first.  Note  the  enhancement  of  recovery  between  N-j_  and  N^ 
(from  Grinnell,  1963b). 

B.  Average  recovery  curves  showing  the  response  of  N^  and 
N-,  to  the  second  of  two  high  frequency  (40  kHz  or  higher)  tone 
pips  identical  in  all  respects  except  intensity.  At  1.0,  1.5; 
and  2.0  msec  interval,  the  responses  to  a  second  stimulus  as 
much  as  55  dB  fainter  than  the  first  are  compared  with  the 
responses  to  the  fainter  stimulus  alone.  The. first  stimulus 
was  always  60  dB  above  threshold  (Grinnell,  1963b). 
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stimulus  conditions.  Only  5  msec  is  required  at  the  cochlear  nuclei 
(N2);  while  the  input  to  the  colliculus  (N^)  is  fully  recovered,  on 
the  average,  in  only  2  msec,  following  which  there  is  often  a  short 
period  when  the  second  response  is  larger  than  the  first.  A  nearly 
fully  recovered  N4  can  often  be  seen  when  the  N-,  is  only  20-30$ 
recovered.  In  short,  there  is  a  marked  recruitment  or  exaggeration 
of  response  to  a  second  stimulus  at  higher  neural  levels .  The  same 
phenomenon  is  seen  when  fainter  second  stimuli  are  used,  there  being 
considerable  recovery  at  N^  even  when  the  first  tone  pip  is  50-55  dB 
louder  than  the  second,  and  N-,  shows  very  little  recovery  (Fig.  3b). 

This  acceleration  of  recovery  at  the  second  and  third  neural  levels 
is  explained,  at  least  in  part,  by  cell  types  that  have  already 
been  mentioned:  cells  that  are  transiently  sensitized  by  as  much  as 
20  dB  to  a  second  pulse;  others  that  will  respond  only  to  a  second 
stimulus .  Still  others  have  been  found  that  respond  best  to  sounds 
repeated  at  repetition  rates  approximating  those  in  a  bat's  "buzz," 
around  100-200/sec  (Grinnell,  1963b;  Friend,  Suga,  &  Suthers,  1966). 
Such  populations,  added  to  the  large  number  of  cells  that  simply 
respond  to  both  stimuli  at  intervals  greater  than  a  certain  individual 
minimum,  probably  account  for  the  apparent  large  increase  in  the 
fraction  of  the  total  cell  population  in  a  given  nucleus  activated  by 
a  second  sound  as  one  proceeds  from  the  auditory  nerve  to  more  central 
nuclei . 

It  is  also  interesting  to  note  in  this  context  the  large  number 
of  cells  in  the  colliculus  and  cortex  that  respond  only  to  faint 
sounds,  having  high  intensity  as  well  as  low  intensity  thresholds 
(Grinnell>  1963a;  Suga,  1965a;  and  see  Fig.  l).  In  most  such  cells 
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the  lack  of  response  to  loud  stimuli  is  probably  the  result  of  inhibi- 
tion that  last  several  msec  (Suga,  1965b),  inhibiting  response  to 
echoes  as  well.  On  the  other  hand,  it  is  easy  to  conceive  of 
circuitry  that  would  permit  a  high  intensity  threshold  without  long- 
term  inhibition,  leaving  the  unit  responsive  to  a  fainter  second 
sound.  Such  cells,  if  they  exist,  would  clearly  constitute  important 
"echo  analyzers"  and  would  contribute  to  central  enhancement  of 
recovery. 

However  great  the  "amplifying"  power  of  the  central  nuclei, 
on  the  other  hand,  it  is  necessary  to  have  a  signal  to  work  with. 
This  signal,  the  information  in  the  second  stimulus  (echo),  must 
be  present  in  the  auditory  nerve,  where  mechanisms  for  specific 
response  to  second  or  fainter  stimuli  have  not  been  found. 
Resolution  at  the  first  neural  level. 

As  was  indicated  above,  the  bat  auditory  system  must  be  respon- 
sive to  an  echo  at  intervals  greater  than  0.5-0.6  msec  after  the 
much  louder  outgoing  cry,  perhaps  at  shorter  intervals  in  special 
cases.  Multiple  echoes,  having  more  nearly  equivalent  intensities, 
must  very  likely  be  independently  heard  down  to  100-200  microsec 
intervals.  It  is  not  obvious  which  of  these  requirements  is  the  more 
stringent . 

There  is  a  minimum  interval  between  presentations  of  the  same 
frequency,  either  in  separate  tone  pips  or  in  overlapping  JM  sounds, 
for  a  detectable  evoked  potential  response  (Grinnell  and  McCue,  1963). 
This  seems  to  be  about  0.3-0. 5  msec,  depending  primarily  on  the  dur- 
ation and  intensity  of  that  frequency  in  the  first  stimulus.  This 
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is  unquestionably  an  upper  limit  to  the  necessary  minimum  recovery 
time,  however,  since  a  large  population  of  responding  elements  is 
necessary  for  a  detectable  evoked  potential,  and  smaller  numbers 
could  perfectly  well  carry  the  necessary  information.  Good  quantita- 
tive evidence  for  the  efficacy  of  grossly  "undetectable"  responding 
elements  is  seen  in  the  comparison  of  recovery  at  the  auditory 
nerve  (Nj_)  and  the  input  to  the  colli  cuius  (l%)  to  second  stimuli 
fainter  than  the  first  (Fig.  3h).  When  the  second  was  kO   dB  fainter 
than  the  first,  for  example,  there  was  no  detectable  response,  on 
the  average,  even  at  1.5  msec  interval  at  N-j_  in  Myotis,  while  at 
N, ,  there  was  a  clear  response  at  1  msec  interval.  Obviously  the 
information  was  present  in  N]_,  but  at  a  level  too  low  to  be  detected, 
even  though  the  threshold  and  response  amplitude  of  N-,  to  the  first 
stimulus  were  fully  equivalent  to  that  of  Nj,.  Similarly,  at  a  given 
interval,  a  detectable  N,  is  seen  to  a  much  (average  15  dB)  fainter 
second  stimulus  than  is  necessary  for  a  detectable  Nn ,  even  though 
the  information  again  has  to  be  present  in  N  at  this  point  15  dB 
below  gross  detectability. 

It  seems  not  at  all  impossible,  therefore,  that  Nq_  should  be 
transmitting  useful  information  about  echoes  at  intervals  of  0.6 
msec  or  less  after  an  emitted  pulse,  or  within  0.1  to  0.3  msec  of 
another  echo.  The  question  is:  what  elements  are  responsible  for 
this  information?  Large  numbers  of  cells  in  the  colliculus  (Grinnell, 
1963b,  Suga,  1964a)  and  cochlear  nucleus  (Suga,  1964a)  have  been 
found  to  recover  rapidly  after  responding,  a  few  at  intervals  as 
short  as  0.6  msec,  and  increasing  numbers  at  1  msec  and  greater 
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intervals.  It  is  surely  to  be  expected  that  the  spiral  ganglion 
has  cells  capable  of  as  fast  recovery.  It  seems  reasonable  to  further 
postulate  that  most  echo  detection  and  analysis  can  be  accomplished 
by  such  cells  that  fire  to  the  emitted  pulse,  then  after  a  charac- 
teristic refractory  period,  be  it  0.6  msec  or  10  msec,  become 
capable  of  firing  again.  Differences  in  duration  of  refractoriness 
and  absolute  threshold  can  assure  the  existence  of  sensitive  popula- 
tions at  any  given  time  after  a  loud  sound,  except  at  intervals  too 
short  to  permit  any  recovery.  Probably  a  sufficient  number  of  cells 
recover  responsiveness  within  any  given  100  microsecond  period  to 
assure  echo  discrimination  under  most  circumstances. 

In  some  cases,  however,  e.g.  when  a  bat  is  hovering  near  an 
obstacle  (with  an  important  echo  returning  at  less  than  0.6  msec  delay), 
or  trying  to  discriminate  a  small  target  from  a  larger  one  a  few  cm 
closer  (with  a  faint  echo  immediately  following  a  relatively  louder 
one),  it  is  doubtful  that  variable  refractory  periods  can  fully 
explain  echo  resolution.  It  is  interesting  to  note,  therefore,  that 
there  is  a  mechanism  obviously  functioning  that  would  be  predicted 
to  permit  just  such  resolution.  This  is  the  phenomenon  of  spontaneous 
activity.  We  have  long  been  familiar  with  the  advantages  of  spontaneous 
activity  in  increasing  sensitivity  of  a  sensory  system  and  in  signal- 
ing both  positive  and  negative  changes  in  stimulus.  Another  less 
publicized  advantage  is  the  fact  that  some  portion  of  the  population 
is  always  refractory.  In  the  case  of  primary  auditory  neurons,  a 
large  fraction  fire  at  rates  up  to  100-200/sec.  In  a  population  of 
hundreds  of  thousands  of  cells,  this  assures  that  at  any  point  along 


467 


the  basilar  membrane  there  will  always  be  a  significant  number  of 
sensory  elements  that  are  highly  sensitive  to  vibration  or  receptor 
potential,  others  that  are  partially  refractory,  firing  only  too 
loud  stimuli,  and  still  others  that  are  absolutely  refractory  and 
potentially  free  to  respond  to  a  later  fainter  sound.  With  consider- 
able redundancy,  synchrony  of  input  from  such  cells  can  theoretically 
transmit  reliable  information  at  intervals  down  to  the  mechanical 
resolution  of  the  basilar  membrane.  The  same  phenomenon  could  main- 
tain a  like  degree  of  resolution  at  the  cochlear  nucleus  where  most 
cells  are  likewise  spontaneously  active,  although  at  this  level  there 
is  the  beginning  of  potential  for  more  complicated  interactions  and 
analyses . 

Thus  by  invoking  variable  recovery  rates,  spontaneous  activity, 
and  grossly  undetectable  activity  in  the  auditory  nerve,  it  is 
possible  to  largely  explain  the  bats'  ability  to  hear  and  analyze 
most  of  the  echoes  returning  even  under  adverse  conditions  immedi- 
ately after  each  outgoing  pulse.  Not  a  totally  satisfactory  explanation, 
perhaps,  but  consistent,  I  think,  with  experimental  data  where  such 
exists . 

Some  considerations  with  respect  to  "non-EM"  bats . 
Clearly,  this  explanation  can  apply  only  to  animals  emitting 
fast-sweeping  IM  pulses,  extremely  brief  constant  wavelength  (CW) 
pulses,  or  clicks.  Special  problems  face  those  employing  long,  pre- 
dominantly CW  signals .  Perhaps  they  employ  beamed  outputs  and 
directional  hearing  to  eliminate  most  of  the  possible  echoes;  or  it 
may  be  that  the  JM  portion  of  such  CW  pulses,  invariably  found  to 
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Fig.  k.     A.  Characteristic  audiogram  of  Chilonycteris  rubiginosa, 
made  with  the  collicular  positive  evoked  potential,  showing 
the  moderate  tuning  of  the  on-response  and  the  much  narrower 
tuning  of  the  off-response. 

B.  A  more  detailed  audiogram  in  the  frequency  range  50-70 
kHz,  showing  the  slight  difference  in  "best"  frequencies  of  the 
on  and  of f -responses .  Note  the  27  dB  drop-off  of  sensitivity 
of  the  off-response  between  6l.9  and  62  kHz.  This  drop-off  was 
reversible  and  repeatable. 

C.  Records  showing  Nj,  on  and  off- responses  to  pairs  of  10 
msec  pulses  at  different  intervals.  The  first  stimulus  was 

60  dB  above  threshold,  the  second  kO   dB  above  threshold.  Note 
that  as  the  two  pulses  are  brought  together  to  overlap  the 
second  on-response  is  lost,  but  the  second  off- response  remains, 
as  does  the  first  off-response.  The  two  signals  were  presented 
through  separate  loudspeakers. 
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some  degree  at  the  end  of  each  pulse,  is  sufficient  for  the  necessary- 
echo  resolution.  Rhinolophus  would  seem  the  most  interesting  animal 
for  study  of  this  problem,  but  in  the  absence  of  any  evidence  regard- 
ing their  neural  analysis  of  echoes  it  may  prove  useful  to  report 
some  preliminary  findings  with  the  neotropical  bat,  Chilonycteris 
rubiginosa .  This  bat  emits  a  nearly  CW  fundamental  (ca.  32  kHz)  with 
one  prominent  harmonic  (ca.  64  kHz)  in  a  pulse  lasting  15-25  msec  and 
terminated  by  a  brief  (1-2  msec)  downward  sweep  in  frequency  from 
approximately  32  to  28  kHz,  64  to  56  kHz  (Wovick  and  Vaisnys,  1964). 
Neurophysiological  studies  similar  to  those  done  with  Myotis  and 
Plecotus  were  made  during  a  recent  trip  to  Panama,  with  two  relevant 
findings:  (l)  the  evoked  potential  response  (a  reflection  of  single 
unit  activity,  also  studied)  is  clearly  tuned  to  the  region  of  the 
bats'  second  harmonic,  and  (2)  there  is  a  prominent  "off- response" 
that  is  even  more  narrowly  tuned  to  a  frequency  just  below  the  maximal 
excitatory  frequency  as  well  as  to  a  second  frequency,  in  the  range 
of  the  bats'  fundamental.  Fig.  ka.   shows  threshold  curves  for  these 
responses  in  a  typical  experiment,  with  the  frequency  range  between 
50-70  kHz  pictured  in  detail  in  Fig.  4b. 

The  narrowness  of  the  sensitive  band -width  is  probably  a  reflec- 
tion of  the  bats'  normal  dependence  on  these  frequencies  alone,  and 
undoubtedly  represents  a  good  method  of  eliminating  interference  by 
sounds  outside  these  frequency  ranges.  The  "off"  response  is 
particularly  interesting,  being  a  rare  phenomenon  in  the  auditory 
system,  and  rigorous  controls  were  used  to  assure  that  it  was  not  arti- 
f actual.  This  "off- response"  was  often  as  large  and  as  sensitive  as 
the  "on"  response  at  durations  greater  than  one  msec,  and  in  some 
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cases  was  present  down  to  0.3  msec  pulse  duration.  In  contrast, 
recovery  of  responsiveness  to  the  onset  of  a  second  tone  pip  was 
significantly  slower  than  in  Etyotis  or  Plecotus ,  often  being  only 
20-50$  complete  in  2  msec  at  Nk.  With  long  tone  pips,  more  like  the 
bats'  own  pulses,  the  potential  value  of  this  "off -response"  became 
apparent,  for  faint  second  sounds,  overlapping  during  most  of  their 
duration  with  preceding,  louder  sounds,  could  elicit  clear  "off" 
potentials,  while  the  onset  of  the  second  stimulus  was  completely 
masked.  The  response  to  the  "off"  of  the  earlier,  louder  pulse  was 
also  prominent.  Fig.  4c  shows  such  a  record.  The  use  of  an  "off- 
response,"  either  to  record  the  end  of  the  CW  phase  of  a  pulse  or  to 
analyze  the  downward  sweep  at  the  termination  of  each  pulse,  could 
provide  an  excellent  means  both  of  echo  recognition  and  separate 
analysis  of  many  overlapping  echoes.  For  overlapping  CW  pulses  it 
has  the  notable  advantage  that  the  nonoverlapping  part  of  the  echo 
is  used,  during  which  the  background  is  likely  to  be  fainter  or 
silent. 

Anesthetized  Chilonycteris  show  a  prominent  response  to  the 
termination  of  natural  orientation  sounds  emitted  by  other  Chilonycteris 
What  fraction  of  this  response  is  "off  response,"  and  what  fraction 
is  "on  response"  to  the  lower  frequencies  of  the  JM  portion  of  the 
cry  is  not  clear. 

Overcoming  ambient  noise. 

The  remaining  sources  of  interference  that  must  be  considered 
are  those  arising  from  the  outgoing  pulses  of  other  bats  and  the 
variety  of  ambient  noises  present.  It  is  important  that  a  bat  not 
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be  confused  at  hearing  bat  cries  it  didn't  itself  emit  and  that  it 
not  be  jammed  by  the  noise  of  ultrasonic  insects  or  rushing  water  or 
wind  near  it.  On  the  other  hand,  under  normal  circumstances,  many 
of  these  sounds  are  potentially  informative:  showing  the  location 
of  potential  prey  or  successful  hunting  companions,  announcing  the 
presence  of  obstacles,  etc.  All  such  sounds  are  presumably  treated 
in  the  same  fashion  as  meaningful  echoes  at  the  cochlea  and  in  the 
auditory  nerve,  but  can  be  recognized  as  meaningful  or  not  to 
echolocation  at  some  higher  level  that  has  been  selectively  encoded 
with  and  sensitized  to  the  characteristics  of  the  emitted  pulse.  In 
some  cases,  on  the  other  hand,  it  is  probable  that  the  ambient  noise 
can  become  so  loud  that  echoes  are  in  danger  of  being  masked,  in 
which  case  mechanisms  of  jamming  resistance  must  be  devised  even  at 
the  most  peripheral  levels. 

These  mechanisms  exist  and  have  been  studied  in  the  context  of 
laboratory  attempts,  mentioned  earlier,  to  "jam"  bats,  especially  the 
long-eared  bat,  Plecotus,  with  loud  white  noise.  In  these  experiments, 
which  have  been  described  in  detail  elsewhere  (Griffin,  McCue,  and 
Grinnell,  1963),  bats  were  induced  to  fly  from  one  end  of  a  flight 
space  to  the  other  through  an  array  of  fine  wires  while  noise  cover- 
ing their  range  of  emitted  frequencies  was  being  broadcast  at  high 
intensity  from  26  loudspeakers  at  each  end  of  the  space.  The  threshold 
of  detection  was  finally  reached  when  the  total  calculated  energy  in 
the  echo  of  the  measured  outgoing  pulse  was  on  the  order  of  -5  dB  with 
respect  to  the  power  per  cycle  bandwidth  of  the  ambient  noise  at  the 
point  of  detection  (i.e.,  the  ratio  e/Nq  was  -5  dB).  The  theoretical 
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minimum  for  this  ratio  is  between  plus  1  and  10  dB,  depending  on  the 
allowable  false  alarm  rate. 

At  least  a  partial  explanation  for  this  spectacular  skill,  as 
deduced  from  electrophysiological  studies,  has  also  been  described 
(Grinnell,  1963d;  Griffin,  McCue,  and  Grinnell,  1963).  The  most 
important  factor  seems  to  be  the  directionality  of  sensitivity  result- 
ing from  the  shape  and  orientation  of  the  external  ears,  which  are 
extremely  large  and  complex  in  most  bats.  It  has  been  found  in 
Myotis  and  Plecotus  that  although  the  pinnae  do  serve  as  sound 
"collectors",  the  principal  effect  of  the  external  ears  seems  to  be  a 
reduction  in  sensitivity  at  angles  removed  from  the  direction  of 
greatest  stimulating  effectiveness.  In  both  the  horizontal  and  vertical 
planes,  movement  of  a  high  frequency  signal  source  may  change  the 
stimulating  effectiveness  by  2-3  dB  per  degree  change  in  direction 
(Grinnell  and  Grinnell,  1965)*  If  the  bat  can  find  an  angle  at  which 
an  important  echo  source  is  at  the  optimal  direction,  with  inter- 
ference coming  from  a  less  favored  angle,  especially  on  the  other 
side  of  the  head,  then  there  can  be  as  much  as  a  10-30  dB  relative 
exclusion  of  the  "noise".  This  was  possible  in  the  noise  field  used 
to  Jam  Plecotus,  and  probably  can  explain  their  ability  to  resist 
jamming,  since  they  appeared  to  take  advantage  of  it.  In  addition 
to  increasing  the  loudness  of  their  outgoing  cries  and  flying  more 
slowly,  they  resorted  to  flying  in  zig-zags  across  the  flight  space, 
approaching  a  given  wire  almost  head-on,  but  with  the  main  source  of 
noise  at  an  oblique  angle.  The  resulting  10-30  dB  reduction  in 
noise  effectiveness  is  quite  sufficient  to  explain  signal  detection 
by  one  ear. 


473 


I 

J" 


o1— 


'-o 


40  60  80  100 

SIGNAL  INTENSITY  (db  re  0.0002  dyne /cm2) 


Fig.  5'  Response  curves  made  with  the  Nj,  of  Myotis,  showing  the 
normal  relationship  between  signal  intensity  and  response 
amplitude  in  the  quiet,  and  the  observed  relationship  when  the 
signal  was  given  in  the  presence  of  approximately  100  dB 
thermal  noise.  Signal  frequency,  50  kHz. 
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In  most  such  cases,  however,  the  other  ear  will  have  been 
oriented  in  such  a  way  that  the  noise  arrived  from  a  more  effective 
angle  than  the  echo,  and  yet  detection  by  both  ears  is  necessary 
for  accurate  localization  of  the  target  in  space.  Compensating  for 
this  problem  is  a  type  of  binaural  interaction  wherein  the  presence 
of  a  detectable  signal  in  one  ear  appears  to  reduce  the  effect  of 
noise  in  the  other  by  as  much  as  10-15  dB,  permitting  better  discrimi- 
nation than  predicted  in  the  colliculus  receiving  input  predominantly 
from  the  ear  most  affected  by  the  noise  (Grinnell,  1963d;  Griffin, 
McCue  and  Grinnell,  1963). 

The  capability  of  the  auditory  system  to  select  or  "amplify" 
the  response  to  a  meaningful  signal  in  the  presence  of  noise  is  seen 
in  a  variety  of  other  ways .  Often  the  threshold  to  a  signal  in  noise 
was  found  to  be  several  dB  lower  if  approached  from  above  rather 
than  below  threshold.  Single  cells  were  found  that  helped  explain 
this  behavior,  varying  by  as  much  as  20  dB  in  "masked  threshold," 
depending  on  whether  the  signal  (at  a  repetition  rate  of  5-10/sec) 
was  increased  in  noise  to  reach  threshold,  or  noise  was  increased  in 
intensity  to  mask  a  response  (Grinnell,  1963d).  In  some  cases,  a 
remarkable  degree  of  recuitment  was  seen  in  the  growth  of  amplitude 
of  evoked  potential  response  to  a  signal  as  it  rose  above  threshold 
in  the  noise.  Full  response  amplitude  could  be  reached  within  5-10 
dB  of  threshold,  where  in  the  quiet  the  same  growth  to  the  same 
amplitude  required  a  kO-60   dB  increase  in  stimulus.  An  example  is 
shown  in  Fig.  5«  This  phenomenon  may  be  analogous  to  the  recruitment 
of  populations  in  the  response  to  faint  second  stimuli,  as  a  response 
passes  centrally. 
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CONCLUSIONS 
An  abundance  of  mechanisms  exist  to  help  explain  bats'  resist- 
ance to  interference.  Perhaps  most  important  is  the  temporal 
precision  which  apparently  enables  them  to  independently  analyze 
sounds  arriving  within  0.1-0.2  msec  of  each  other.  This  may  not 
represent  an  adaptation  peculiar  to  the  nervous  systems  of  echolocat- 
ing  animals.  Instead  it  is  probably  an  expected  consequence  of  a 
cochlea  designed  to  accurately  analyze  frequencies  as  high  as  50-100 
kHz.  The  human  cochlea,  while  designed  to  operate  in  a  lower  frequency 
range,  is  probably  just  as  good  an  analyzer  in  this  range.  Nor  is 
spontaneous  activity,  a  postulated  factor  in  the  bats'  (or  even  moreso 
in  the  dolphins')  response  at  shortest  intervals,  a  phenomenon  restricted 
to  echolocating  animals.  It  seems  likely  that  in  humans  or  any  other 
mammals  there  may  be  present  in  the  auditory  nerve  a  comparable  amount 
of  information  about  sounds  arriving  at  an  interval  just  resolvable  by 
the  basilar  membrane,  even  though  this  interval  must  perforce  be 
longer  than  in  bats.  At  this  point,  however,  there  does  seem  to  be 
a  neural  adaptation  that  is  perhaps  peculiar  to  echolocating  animals. 
This  is  the  central  enhancement  of  recovery;  the  recruitment  of 
larger  and  larger  populations  of  units  in  progressively  more  central 
nuclei  to  deal  with  "second-stimulus"  information  carried  by  a  very 
few  auditcry  nerve  fibers,  even  a  number  too  small  to  be  detected 
grossly  in  some  cases.  Human  beings,  and  perhaps  most  other  non- 
echolocating  animals,  appear  instead  to  be  organized  in  such  a  way 
that  response  to  echoes  or  reverberations  is  actively  inhibited. 
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The  recruitment  of  response  to  "echoes"  in  bats  is  a  result 
of  short-term,  frequency  specific  facilitation  of  large  populations 
of  auditory  neurons.  This  facilitation  probably  is  specific  also 
for  pattern  of  frequency  change  and  signal  duration,  giving  the  bat 
auditory  system  another  great  advantage  in  signal  detection:  that  of 
knowing  the  characteristics  of  the  signal  it  is  trying  to  detect. 
Such  "coding"  and  temporal  precision  can  at  least  partially  explain 
a  bat's  ability  to  recognize  and  obtain  information  from  its  own 
echoes  in  the  presence  of  tens  of  hundreds  of  other  bats . 

Also  of  assistance  under  these  conditions  is  the  sharp  direc- 
tionality of  hearing  observed  in  bats.  Because  of  the  high 
frequencies  used,  and  the  enlarged  external  ears,  sound  coming  from 
most  angles  other  than  those  most  favorable  for  the  ear  are  much 
reduced  in  effectiveness,  and  hence  can  offer  much  less  interference. 
This  appears  to  be  the  principal  mechanism  effective  in  helping  bats 
resist  "jamming"  in  laboratory  tests  with  loud  thermal  noise. 

It  would  be  interesting  to  learn  whether  directionality  of 
hearing  is  equally  great  in  echolocating  birds  and  cetaceans,  where 
external  ears  are  lacking.  It  has  been  shown  (Payne,  196l;  Schwartzkopff, 
I962)  that  owls  have  considerable  directionality  of  sensitivity  even 
at  frequencies  below  15  kHz,  and  fine  features  of  feather  structure 
may  be  as  effective  as  mammalian  pinnae  in  creating  such  patterns . 
Also,  there  are  now  good  indications  that  dolphins  may  attain  direc- 
tionality of  hearing  without  external  ears  by  coupling  the  cochlea 
to  lower  jaw  or  other  head  structures,  resulting  in  sensitivity 
specific  to  certain  directions  (Norris,  1963;  Yanagisawa  et  al.,  1966). 
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In  some  bats,  such  as  Khinolophus,  and  perhaps  in  other  echo- 
locating  animals,  narrow  beaming  of  the  emitted  pulse  is  probably 
also  of  great  help  in  reducing  interference  by  restricting  the  number 
of  echoes  that  must  be  resolved  and  analyzed,  albeit  at  the  expense 
of  losing  information  about  targets  or  obstacles  at  angles  out  of 
the  beam. 

Finally,  there  appear  to  be  binaural  mechanisms  that  can 
selectively  enhance  the  response  to  a  signal  in  noise  throughout  the 
auditory  system  if  it  is  clearly  detectable  in  any  one  part.  A  good 
example  of  this  is  the  reduced  masking  effect  of  noise  in  one  colli  - 
cuius  when  the  signal  is  clearly  detectable  in  the  other.  Noise  has 
its  expected  masking  effect  at  the  level  of  the  auditory  nerve,  but 
central  to  that,  the  auditory  system  somehow  comes  to  respond 
selectively  to  the  signal  that  had  been  largely  masked  in  its  input. 
The  mechanism  of  this  binaural  interaction  is  unknown,  and  it  is 
not  even  clear  that  the  response  to  the  signal  is  a  response  to 
information  coming  in  through  the  "masked"  channel.  Perhaps  it  is 
rather  a  spread  of  response  from  the  other  channel:  a  recruitment 
of  both  colliculi  to  analyze  signals  that  are  normally  sent  pre- 
dominantly only  to  one.  If  so,  localization  should  still  be 
hampered.  Yet  the  bats  do  avoid  obstacles  under  these  conditions. 

Obviously  more  questions  remain  than  have  been  answered. 
Nevertheless,  the  evidence  assembled  does  provide  some  hint  of 
an  eventual  understanding  of  how  bats  and  other  echolocating 
animals  manage  to  overcome  the  many  forms  of  interference  they  face. 
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ABSTRACT 


Echo locating  animals  must  hear  and  analyze  echoes  in  the  presence  of 
the  immediately  preceding  emitted  pulse,  other  returning  echoes,  the  cries 
and  echoes  of  nearby  companions,  and  ambient  ultrasonic  noise.  Possible 
neural  mechanisms  for  overcoming  such  interference  are  discussed  with 
particular  reference  to  bats.  Two  major  factors  are:  (l)  the  neural 
discriminatory  apparatus  necessary  for  echo  recognition,  and  (2)  separate 
echo  analysis  down  to  intervals  of  0.1  -  0.3  msec.  Echo  recognition 
results  from  the  presence  of  large  populations  of  cells  whose  firing 
patterns  depend  critically  on  signal  parameters,  and  which  are  transiently 
facilitated  to  sounds  having  the  same  characteristics  as  one  just  heard. 
Temporal  resolution  depends  on  the  high  resolving  power  of  the  basilar 
membrane,  on  variable  and  often  brief  refractory  periods  of  responding 
neurons,  and  perhaps  on  the  small  number  of  spontaneously  firing  units 
that  are  sensitive  at  a  given  time  because  they  were  refractory  during  a 
preceding  sound.  Directionality  of  sound  emission  and  hearing  can  reduce 
interference  from  non-critical  angles,  while  binaural  interaction  and 
recruitment  of  responses  at  ascending  neural  levels  helps  increase  direction- 
ality and  response  to  barely  detectable  signals . 
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DISCUSSION 

par 
H.  MERMOZ 


1-  C'est  en  profane,  mais  avec  le  plus  vif  inte>§t  que  j'ai  lu 
d'abord,  puis  entendu,  la  conference  du  Dr.  GRINNEL. 

Je  ne  saurais,  bien  entendu,  me  permettre  le  moindre  jugement 
sur  le  contenu  purement  biologique  de  son  etude. 

Ce  qui  passionne  le  physicien,  c'est  evidemment  de  savoir  si 
les  Sonars  Biologiques  fonctionnent  sur  les  memes  prlncipes  que 
les  Sonars  imagines  par  l'homme,  pour  ses  besoins.  Je  me  bomerai 
done  i  lancer  quelques  tetes  de  pont  entre  Sonars  Biologiques  et 
Sonars  Artificiels,  du  point  de  vue  de  la  discrimination  des 
signaux. 

2-  A  juste  titre,  le  Dr.  GRINNEL,  fait  etat  de  la  gene  que 
const it ug,  pour  la  detection  des  6chos,  1' Amission  elle-mSme, 
pendant  sa  duree  et  quelques  instants  apre*s.  En  fait,  d'autres 
conferenciers  ont  pr6c6demment  contest^  la  notion  meme  de  gSne, 
et  plaide,  au  contraire,  pour  une  interference  utile  entre  le 
debut  d'un  echo  et  la  fin  de  1' emission.  La  question  n'est  done 
pas  absolument  claire,  meme  entre  biologist es.  Le  point  de  vue 
du  Dr.  GRINNEL  coincide  avec  celui  des  sp6cialit£s  des  Sonars 
Artificiels  pour  qui  la  g6ne  est  incontestable. 
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II  exist*  plusieurs  moyens  de  la  reduire  mais,  en  fait,  les 
Sonars  restent  pratiquement  sourds,  pendant  1' emission  et 
pendant  une  fraction  de  seconde  consecutive.  Cette  fraction  est 
variable,  mais  depasse  en  general  largement  les  100  microsecondes 
qui  paraissent  suffire  aux  chauvea-souris  pour  recuperer  tous 
leurs  moyens  de  resolution. 

3-  Un  des  points  les  plus  attrayants  de  la  conference,  est,  a 
mon  avis,  la  reference  £  une  possibility,  et  meme  une  probabi- 
lity d' existence  d'un  mecanisme  selon  lequel  le  signal  d1 emission 
"s' impriraerait"  pour  une  certaine  duree,  en  raison  de  sa 
puissance  meme,  dans  une  "memoir*".  Cette  memoir®  conserverait 
ainsi,  au  niveau  du  system*  de  reception,  un  "module"  ou  une 
"copie"  des  echos  attendus,  echos  supposes,  en  premiere 
approximation,  identiques  au  signal  emis. 

Cette  terminologie  est  tout  a  fait  evocatrice  pour  les 
specialistes  du  Sonar  et  du  Radar.  Ceux-ci,  en  gros, 
distinguent  en  effet  deux  classes  de  procedes,  pour  extraire 
les  signaux  des  "interferences"  parasites. 

a)  dans  la  premiere  classe,  on  range  les  procedes  "gross iers" 
qui  tiennent  compte  seulement  de  1* augmentation  de 
puissance  globale,  qui  est  due  a  l'echo,  pendant  le  temps 
oCl  celui-ci  se  superpose  aux  parasites  sans  tenir  compte 
de  la  forme  d'onde  qui  apporte  ce  supplement  de  puissance. 

b)  dans  la  seconde  classe  on  range  des  procedes  plus  subtile, 
qui  tiennent  compte  pr^cisement  de  cette  forme  en 
comparant  V information  incidente  £  une  "copie"  du  signal 
attendu.  Cette  comparaison  s' opera  de  facon  continue  a 
travera  un  filtr*  (Filtre  Adapte)  dont  le  gain  est  une 
replique  du  spectre  du  signal,  (copie  spectrale).  On  peut 
la  faire  aussi  d'une  facon  equivalente,  avec  un 
correlateur  utilisant  la  copie  temporelle  du  meme  signal. 
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Dans  tous  les  cas ,  la  tension  de  sortie  est  proportion- 

nelle  au  "degre  de  ressemblance"  (correlation)  de 

1' information  recue  avec  la  copie,  et ,  par  consequent,  a 

la  probability  de  la  presence  du  signal  dans  cette  information 


II  serait  du  plus  haut  interet  de  savoir  a  laquelle  des  deux 
classes  appartient  le  sonar  de  la  chauver-souris,  Le  second 
procede  est  evidemment  beaucoup  plus  puissant,  et  la  theorie 
montre  que  dans  certains  cas  (bruit  a  spectre  uniforme  et 
gauss ien  )  il  est  optimal. 

II  n'est  pas  possible  de  conclure  de  facon  definitive, 
bien  que  le  Dr.  GRINNEL  off re  quelques  presomptions  en  faveur 
de  cette  seconde  classe  :  existence  de  cellules  plus  sensibles 
aux  impulsions  modulees  en  frequence  qu'aux  impulsions 
"a  frequence  pure"  ;  de  telles  cellules  fonctionneraient  done, 
au  moins  partiellement ,  en  Filtres  Adaptes. 

-  Dans  quelle  raesure  ? 

-  Et  el  quel  niveau  sensoriel  ? 

Telles  sont  les  deux  questions  qui  derivent  tout  naturellement 
des  comment aires  pr^c&dents.  Nous  reviendrons  sur  la  premiere. 

Pour  la  seconde,  sa  reponse  definirait  le  degre  de  speciali- 
sation atteint  par  la  chauve-©ouris  par  rapport  a  I'esp&ce 
humaine,  II  paralt  a  peu  pr&s  certain,  en  ef fet ,  que  l'oreille 
humaine  pergoit  un  signal  module-dont  elle  n'a  aucune  raison 
genStique  de  posseder  le  modele  -  frequence  par  frequence. et 
qu'elle  le  transmet  sans  modification  au  cerveau.  C'est  a  ce 
niveau  que  s'op£re,  le  cas  6cheant,  la  comparaison  avec  un 
"module"  acquis  par  apprentissage.  La  chauve-souris  aurait-elle 
reussi  a  transferer  cette  fonction  de  comparaison  a  l'oreille 
interne  ?  Elle  aurait  alors  reussi  £  const ruire  le  recepteur  aval 
du  cerveau  et  a  soulager  celui-ci  en  ne  lui  transmettant  que  le 
resultat  de  la  comparaison.  Mais  ceci  n'est  encore  qu'une  hypothdse 
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4-   L' utilisation  du  procede  de   "  Comparaison  avec  la  copie"  applique 
d  des  signaux  F.M.   peut   expliquer  la  fantastique  discrimination 
en  teraps   (et   par  consequent   en  distance)   dont   se  revelent 
capables   les  animaux  etudicis. 

En  effet,   ce  procede  transforme  un  signal  long  (et   de  faible 
amplitude)   en  un  signal  bref   (d' amplitude  elevee). 

Le  rapport   des  amplitudes  explique   l'efficacite  du  procede  pour 
la  detection  des  signaux  faibles   (car  le  bruit   ne  beneficie  pas 
du  meme  "renforcement") . 

La  compression  en  duree  explique,   &  la  limit e  de  detection, 
le  pouvoir  de  discrimination.   En  effet,   deux  echos     superposes  avant 
la  compression  peuvent   se  trouver  s6par6s  apr^s.   Cette 
compression  en  dur£e  a  toutefois  une  limite  theorique  donnee  par 
1' inverse  de   la  largeur  de  bande  du  signal.    Donnons  un  exerople 
considere  comme  plausible  par  les  Drs.   GRIFFIN  et   GRINNEL. 

L'un  des  animaux  Studies  module  son  signal  entre  80  et 
50  kHz.    La  duree  de  ce  signal  est   environ  1  milliseconde.    Un 
signal  el  frequence  pure  de  meme  dur£e  ne  permet  pas  -  cl  la  limite 
de  detection,   c'est-a-dire  dans  des  conditions  sevdres  ou  toute 
l'energie  du  signal  est  n^cessaire  pour  percevoir  sa  simple 
presence  -     une  discrimination  en  temps   inferieure  aim® 
(34  cm  environ). 

Dans  les  memes  conditions  1' impulsion  modulee   (largeur  de 
bande  30  kHz)  permet   une  resolution  limite  de  33  microsecondes, 
(soit   1  cm  environ). 

La  difference  d'ordre  de  grandeur  est   suffisante  pour  qu'on 
puisse  esperer  une  reponse  significative     a  la  question-clef 
suivante   : 

Peut-on  mettre  en  Evidence  chez  ces  chauves-souris  un  temps  de 
discrimination  inferieur  c\  la  dur£e  de  l1 emission,  et   ceci  dans 
des  conditions  suffisemment   sev^res,     ou  la  perception  direct e 
des  "fronts  i*aides"  avant  ou  arridre  de  l,impulsion-^cho  n'est 
plus  possible  ? 
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Une  reponse  affirmative  a  cette  question  plaiderait  trds 
fortement  en  faveur  du  procede  de  coraparaison  avec  la  copie.    La 
valeur  trouvee   (entre  34  era  et   1  cm)   aerait  une  reponse  &  la 
question  n°  1  du   §   3.   Une  reponse  negative  montrerait  peut  etre 
que  e'est   seulement   "sur  signaux  forts"   (e'est-a-dire  sur  les  fronts 
raides  des  echos)   que  de  bonnes  discriminations  sont  possibles, 
ce  qui  peut   e*tre  alors  considere    (Dmme  "facile". 

A  vrai  dire  la  chauve-souris  peut   avoir  une  autre  raison,  pour 
utiliser  des  signaux  F.M.    ,   que  la  discrimination  en  distance  sur 
signaux  faibles.   En  effet,   la  theorie  raontre  qu'un  tel  signal, 
meroe  traite  par  un  procede  de  la  classe  a)  est   superieur  au  signal 
^  frequence  pure  de  meme  dur6e  lorsque  le  parasite  dominant   est   la 
reverberation     (ce  qui  doit   Stre  frequemment   le  cas).   Cette 
superiority  s'exprime  alors  en  decibels  par 

5  log     BT 

oft  5  est  la  largeur  de  bande  et  T  la  duree  (30  kHz  et  1  ms  dans 
l'exemple  precedent.  On  a  alors   5  log  BT  =  7,4  dB). 

Cependant  le  mSme  gain  passe  i 

10  log  BT        (m,8  dB) 

avec  un  procede  de  la  classe  b),  qui  implique  evidemmant  un  degre  de 
coraplexite  plus  eleve  du  recepteur. 

Les  Sonars  Artificiels  posent  deja,  a  cet  egard,  des  probldmes  de 
comprorai8  difficiles  entre  efficacite  et  complexite  (et  prix). 
L'homme  aimerait  fort,  a  cet  egard,  prendre  conseil  de  la  chauve- 
souris  ou  du  dauphin  ! 

Si  des  reponses  significatives  ne  peuvent  Stre  donnies  aux 
questions  precedentes,  il  serait  interessant,  du  moins,  de  savoir 
si  les  chauves-souris  "elargissent"  la  bande  de  leurj  impulsions 
modulees  en  proportion  des  "difficult es  de  vol"  qu'elles 
rencontrent . 
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5-   Si  certaines  d«scriptions  du  Dr.   GRINNEL  semblent   en  faveur 
d'une  "coraparaison  avec  la  copie"    ,  d'autres  sugg^rent   cependant 
das  mecanisraes  de  detection  assez  different a.    C'est   la  caa  par 
exeraple,   du  type  de  cellule  sensible   illustre  par  la  figure  1  de 
sa  conference.   Cette  cellule  est   caracterisee  par  une  zone  de 
reponse  et  une  zone  d' inhibition,  zones  elles-meraes  commandees 
par  d'autres  cellules.   C'est  en  somrne,  un  resonnateur  dont 
1'accSs  est  ouvert   ou  ferme  par  d'autres  resonnateurs. 

La  cellule  repond  a  sa  frequence       f       canacteristique  sous 
condition   : 

a)  que  cette  frequence  existe  dans  1 ' inf orraat ion  incidente, 

b)  que  cette  presence  n'aie  pas  ete  precedee  par  la  presence 
d'autres  frequences  considerees  conune   in compatibles  avec 
f       ,  en  valeur  ou  en  position,   par  rapport  a  une 
sequence-type  de  frequences  successives. 

II  suffit  alors  de  remplacer  la  fonction  d' inhibit  ion  par  la 
fonction  complement aire  de  deblocage  pour  imaginer  un  modele  de 
detecteur  constitue  par  une  cascade  de  resonnateurs  se  debloquant 
les  uns  les  autres  dans  un  ordre  bien  defini.    Seule  la  sequence- 
type  est  en  mesure  par  consequent  de  se  glisser  au  bout   de  la 
chaine. 

L'arrivea  d'un  signal  au  bout   d'une  chaine   (le  fait  meme  que 
le  dernier  resonnateur  se  debloque)  est  un  test  de  la  presence 

recente  de  la  sequence-type  dans  l1 information  incidente. 

II  n'est  pas  necessaire,  dans  ce  schema,  de  concevoir  des 

chaines  de  cellules  rigidement   liees,  mais  seulement  un  etage  de 

cellules  pour  la  frequence  initiale  f     de  la  sequence-type, 

un  etage  de  cellules  f_  etc...   f 
2  n 

Corame  dans  les  etages  de  selection  d'un  central  telephonique 

chaque  cellule  f.  peut  acceder  a  plusieurs  cellules  f«  et 

debloquer  la  premiere  disponible  a  1' instant  opportun. 

II  faut  done  beaucoup  de  cellules  f.  puisque  celles-ci  sont  suscepti- 

bles  d'ouvrir  le  processus  de  detection  toutes  les  fois  que  f. 

apparait . 
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Mais   il  suffit   de  peu  de  cellules  f     puisque  celles-ci  ne 
sont    atteintes   que   par   les   vrais   signaux. 

II  y  aurait   done   la  un  test   possible  de   la  validite   de   ce 
schema.      La   question   qui   se   pose  est    la  suivante    :    \a  sequence- 
type    ( le   signal   F.M.)   de    l'animal  etant   connu,   existe-t-il  une 
nette   disproportion  entre   le  nombre   des   cellules   sensibles  a   la 
frequence   initiale   et    le  nombre   de   cellules   sensibles  a   la 
frequence   finale. 

-6   -  On  pourrait  bien  avoir  1'  impression  que   les  chauves-souris 
qui  n'utilisent   pas  de  signaux  F.M.,   sont  nettement   defavorisees 
par  rapport   aux  autres. 

De  fait,  le  Dr.  GRINNEL  se  penche  sur  leur  sort  et  suggore 
quelques  mecanismes  compensateurs  susceptibles  d'ewpliquer 
pourquoi  ces  anitoaux  ne   sont  pas  jklus  maladroit s  que   les  autres. 

Comme  on  peut   s'v  attendre,   leur  audition  benificie  d'une 
select ivite  plus  etroite,   adaptee  a  leur  signaux  "a  frequence  pure", 
ce   qui  elimine,    au  raoins  une  partie   des  bruits   ambiants.    Neanmoins, 
ils   sembleraient  raal  equipes  pour  se   defendre   contre   la  reverberation 

En  fait,   ils  peuvent   dans  une  certaine  mesure,  rattraper 
ce  handicap  par  une   select ivite   spatiale   plus  efficace  que   celle   des 
"chauves-souris   F.M.". 

En  effet,   a  bande  tros  etroite   il  est   plus   facile   de  produire 
dans   le  diagramme   de   direct ivite   d'une   antenne,   en  modifiant 
legerement    sa  structure,   des   "zeros"    (disons.'des   valeurs  tres  basses) 
dans   une   ou  plusieurs   directions  egalement   ajustables.    Dans   une 
ambiance     reverberant e    il  est   bien  rare   d1 avoir  affaire   a  une 
repartition  uniforme   de   sources   "parasites"   dans  toutes   les 
directions.    Plus   generalement    il  exist e   quelques   directions   de 
"gene   predominant e"   d'ou  reviennent   des  echos  qui  brouillent    la 
direction  d'ecoute  privilegiee,    II  est    alors  plus   facile   d'attenuer 
fortement    ces   directions   a  bande   etroite   qu'a  bande   large. 

II  est    interessant    de   rapprocher  de   cette   possibility  theorique, 
une  remarque   faite   recemment   par  le   Dr.    MOKRES,    selon   laquelle   les 
chauves-souris   de   cette   categorie   se   singularisent ,   au  cours   du  vol 
de   chasse,   par  des  mouvements   d'oreilles  plus  marques   que   dans    les 


488 


autres  esp&ces. 

D' autre  part   le  Dr.    GRINNEL  a  insiste,   plus  dans  sa  conference 
que  dans  sont  texte  ecrit ,   sur  la  possibilite  d'une   interaction  entre 
les  deux  oreilles.   Cette  possibilite  exist e  en  effet  dans  les  Radars 
et   Sonars  Artificials,  entre  deux  antennes  ou  deux  portions 
d' antenna. 

Dans  une  situation  un  peu  ideale  oQ   : 

a)  l'une  des  deux  parties  ne  recoit   que  du  bruit. 

b)  1' autre  partie  recoit  du  signal  et  du  bruit. 

c)  les  deux  bruits  sont  assez  forteraent   correles. 

II  est   intuit  if  (et   calculable)  qu'on  peu  reduire  les  deux 
bruits  l'un  par  1' autre  au  profit   du  signal.    (A  la  limite,   avec 
deux  bruits  identiques,  une  soustraction  l'annulerait ). 

Dans  une  sfcuation  un     peu  plus  realist e  ou  les  deux  parties 
recoivent   du  signal  et  du  bruit  raais  dans  des  proportions  different es,   il 
est  encore  possible  de  definir  la  combinaison  optimale  qui  avantage  le  plus 
le  signal. 

Ces  idees  simples  se  rattachent   au  fond  a  la  theorie  de  la 
meilleure  utilisation  de  l'antenne  tot ale    . 

Pour  tester  si  les    chauves-souris  appliquent  reellement   de  tels  prin- 
cipes  on  peut   imaginer  une  experience. 

Celle-ci  consisterait  a  les  "brouiller"  avec  deux  hauts-parleurs 
assez  £loign6s  l'un  de  1' autre  et  equidistants  du  point  de  test. 
Dans  une  premiere  phase  on  emettrait  le  ro&me  bruit  avec  les 
deux  hauts-parleurs.   Dans  une  seconde  phase  on  emettrait  deux  bruits 
de  meme  intensite  ma is  independents. 

Si  les  chauves-souris  connaissent  a  fond  la  theorie,  elles  doivent 
Stre  nettement  plus  a  1'aise  dans  la  premiere  situation  que  dans  la 
seconde.   Dans  le  cas  contraire  on  doit  const ater  une  difference 
nSgligeable  sinon  un  result at   inverse. 

7-  Les  exposes  de  cette  reunion  constituent  une  lecon  de  souplesse 
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et  d' adapt at ivite  donnee  par  les  Sonars  Biologiques  £  nos 
Sonars  Artificiels  deja  bien  complexes  et  encore  bien  rigides 
pourtant . 

Que  le  Dr.  GRINNEL  me  pardonne  des  suggestions  peut-8tre 
utopiques  et  qu'il  me  permette  d'exprimer  a  travers  lui,  mon 
admiration  sans  reserve  pour  tous  ceux  dont  la  patience  et  la 
minutie  interrogent  inlassablement  les  inextrieables  phenomenes 
de  la  Vie. 


DISCUSSION 

by 
A.  D.  GRINNELL 


Several  people,  foremost  among  them  Dr.  Mermoz,  have  raised  the  question 
whether  bats  may  be  using  a  matched  filter  or  correlation  network,  analogous 
to  that  used  in  chirp-radar,  i.e.,  one  that  would  have  the  effect  of  con- 
centrating the  output  of  the  receiver  in  time,  introducing  a  delay  inversely 
related  to  frequency.  This  is  impossible  to  answer,  but  I  can  make  a  few 
comments  that  I  hope  are  relavent.  The  cochlea  appears  to  work  in  just  the 
opposite  way  than  would  be  necessary  for  physical  pulse  compression.  Highest 
frequencies  are  analyzed  first,  lowest  frequencies  last,  and  the  neural  response 
follows  "analysis"  at  about  the  same  latency  in  each  case.   It  would  be 
quite  possible,  on  the  other  hand,  that  sensory  nerves  from  all  parts  of  the 
basilar  membrane,  representing  all  frequencies,  might  converge  on  a  single 
analyzing  cell  (or  population),  and  that  the  synapses  could  be  of  varying 
effectiveness  to  accomplish  the  same  compression.   Certainly  the  whole 
system  doesn't  work  this  way.  Second  and  third  order  units  are  more  narrowly 
restricted  in  frequency-response  range  than  first  order  ones,  nor  has  any 
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population  of  cells  been  found  that  does  behave  this  way;  but  we  cannot 
eliminate  the  possibility  that  a  small  side  channel  exists  to  do  this. 

On  the  other  hand,  I  don't  see  any  necessity  for  it.   Given  accurate 
frequency  discrimination,  which  we  know  exists,  it  seems  fully  adequate  to 
have  each  narrowly  tuned  population  respond  to  a  given  frequency  in  the  echo, 
having  been  temporarily  facilitated  by  the  same  frequencies  in  the  emitted 
cry.  A  moment  later  a  different  population  is  responding  to  a  different 
frequency  band,  analyzing  it  for  the  information  it  contains .   In  a  fast- 
sweeping  PM  pulse,  the  effective  bandwidth  will  be  extremely  brief  and 
exactly  timed.  Moreover,  if  I  am  not  mistaken,  pulse  compression  offers  no 
improvement  in  signal  to  noise  ratio,  anyway.  The  noise  over  the  whole 
bandwidth  is  compressed  in  the  same  way  as  the  signal.  As  long  as  the 
cochlea  can  simultaneously  analyze  different  frequencies  occuring  in 
different  returning  echoes  and,  if  necessary,  in  the  emitted  pulse,  I 
see  no  advantage  in  matched  filters  or  pulse  compression. 

Another  question  concerned  the  downward  sweep  of  the  FM.   pulse.  Why 
does  it  seem  invariably  to  be  downward?  I  don't  fully  understand  Dr. 
Mermoz's  thought  that  this  would  eliminate  Doppler  ambiguity;  but  we  came 
up  with  two  or  three  possible  reasons  in  discussion  the  other  day,  the 
simplest  of  which  is  that  it  might  be  impossible,  physiologically,  to 
produce  upward  sweeping  pulses  of  the  equivalent  intensity,  brevity,  and 
frequency  bandwidth.  I  would  like  to  add  one  more  possible  reason  that 
hasn't  yet  been  voiced.  This  is  a  result  of  the  way  the  cochlea  functions. 
High  frequencies  are  analyzed  near  the  basal  end,  lower  frequencies  further 
in,  and  the  traveling  wave  on  the  basilar  membrane  is  damped  out  quickly 
beyond  the  point  appropriate  for  analyzing  the  lowest  frequency  component 
in  a  given  sound.  If  the  pulses  were  sweeping  upward,  the  low  frequency 
energy  would  partially  excite  all  the  basilar  membrane  receptors  enroute 
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to  the  low  frequency  end,  and  these  would  be  progressively  more  and  more 
masked  as  the  pulse  swept  upward  to  high  frequencies.  On  the  other  hand, 
a  downward  sweeping  pulse  permits  analysis  of  each  successive  frequency 
on  relatively  unexcited  membrane. 

The  question  of  "quality  factor"  has  been  raised  several  times,  and 
I'm  afraid  some  people  may  have  misunderstood  my  assertion  that  signals 
100  microseconds  apart  can  probably  be  heard  and  analyzed  independently. 
I  don't  suggest  that  single  cells  can  do  this.   Probably  the  minimum 
necessary  recovery  time  for  auditory  cells  is  0.5-0.6  msec,  and  this  limit  is 
set,  not  by  the  damping  of  the  system,  but  by  the  time  constants  of  per- 
meability changes  in  the  cell  membrane  due  to  synaptic  or  spike  activity. 
Similarly,  the  high  degree  of  tuning  of  higher  order  auditory  cells  is 
not  a  function  of  their  damping  or  resonnance.  The  increased  sharpness  of 
response  is  a  result  of  neural  inhibition.  The  only  necessary  component 
for  which  a  Q-value  in  the  normal  sense  might  be  applicable  is  the 
basilar  membrane.   It  must  be  sufficiently  damped  to  permit  distingui sable 
peaks  of  deflection  at  intervals  of  100  microseconds  or  less.  This  would 
require  a  bandwidth  of  10  kHz  or  more — quite  in  keeping  with  the  response 
curves  of  first  order  neurons.  Within  this  10  kHz  range,  however,  units 
may  be  more  or  less  strongly  excited,  permitting  later  neural  interaction 
to  sharpen  the  tuning  of  response. 

The  role  of  the  pinna  in  echolocation  has  been  queried  on  several 
occasions,  especially  in  Rinolophus,  where  the  ears  move  in  synchrony  with 
outgoing  pulses.  I  feel  it  is  likely  that  the  resulting  warble  in  Doppler 
shift  of  echoes  might  provide  important  information  both  for  detection 
and  relative  velocity  calculation.  Perhaps  even  more  important,  however,  is 
the  possibility  that  this  rapid  ear  movement,  in  opposite  directions  in 
the  two  ears,  might  be  used  to  determine  the  vertical  angle  of  target 
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sources,  by  a  comparison  of  intensity  at  the  two  ears.  As  you  know,  I  have 
my  own  pet  theory  about  how  IM  pulsing  (or  for  that  matter,  all)  bats  might 
localize  targets  in  three  dimensional  space,  i.e.,  by  the  binaural  com- 
parison of  intensities  at  3  or  more  different  frequencies.   (Grinnell  & 
Grinnell,  1965).  Measurements  of  the  effects  of  the  pinna  on  directionality 
of  sensitivity  show  that  although  they  do  slightly  increase  sensitivity  in 
certain  directions  their  principal  function  is  rather  that  of  reducing 
sensitivity  from  other  directions :  contralateral  to  and  below  the  animal, 
especially.  Thus  they  help  create  highly  directional  receiving  patterns 
that  are  made  sharper  still  by  binaural  interaction.  In  the  bats  so 
studied,  such  binaural  intensity  comparison  could,  I  think,  explain  tar- 
get localization  in  both  the  X  and  Y  planes.  Time  differences  are  probably 
not  usable,  since  the  interaural  distance  is  so  small.  The  same  consider- 
ation applies  to  the  simultaneous  binaural  frequency  difference  from  an 
"FM  pulse  returning  from  one  side.  This  binaural  difference  would  have  to 
be  analyzed  two  or  three  synapses  deep  in  the  system,  where  it  would  be 
identical  to  a  time  difference  at  any  given  frequency.  A  final  thought 
about  large  pinnae:  One  finds  them  often  in  the  "whispering"  bats. 
These  large  pinnae  are  particularly  effective  in  "collecting"  echo  energy, 
and  probably  also  in  excluding  emitted  pulse  energy.  The  resulting 
enhancement  of  echo  reception,  coupled  with  the  relatively  large  ampli- 
tude of  echoes  returned  from  close  objects  at  short  intervals  when  the 
bat  is  hovering,  both  help  explain  the  faint  output  used  by  such  whisperers. 

Two  discussants  have  raised  the  question  of  "jamming"  by  moths ---the 
ones  shown  by  Dunnia^  and  Roeder  to  respond  to  pulses  of  ultrasound  by 
emitting  pulses  of  their  own,  which  appear  to  deter  attacking  bats.   I  feel, 
as  did  those  authors,  that  the  mechanism  is  very  unlikely  to  be  true 
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jamming.  It  seems  much  more  likely  that  these  moth  sounds  are  active  adver- 
tising, the  equivalent  of  warning  coloration,  announcing  "Here  I  am but 

I  taste  awful  and  have  long  spiny  legs".   Even  if  this  isn't  true,  they 
might  be  imitating  moths  that  are  distasteful  for  these  reasons. 

Finally,  as  in  previous  discussions,  I  feel  that  I  should  rise  to  the 
defense  of  bats,  to  stand  behind  the  assertion  that  they  can  do  more  than 
merely  resolve  targets.  I  feel  that  they  can  accurately  determine  distance. 
All  of  the  evidence  I  can  cite  is  indirect,  but  some  of  it  seems  to  me  to 
be  convincing.  Much  of  it  comes  from  the  work  of  Fred  Webster,  who  will, 
I  hope,  correct  any  of  ray  errors.  The  avoidance  of  wires  seems  to  me  to 
indicate  distance  determination.  Bats  almost  certainly  detect  large  objects 
well  before  they  increase  their  repetition  rate,  which  they  apparently  do 
immediately  on  detecting  a  much  smaller  object  near  them.  Such  small  targets 
cause  them  to  dodge  sharply,  immediately  after  detection,  while  larger  ones 
are  avoided  very  gradually,  with  no  abrupt  maneuvers .  During  landing,  they 
approach  to  within  about  10  cm  of  a  crack  in  the  wall,  then  flip  over  and 
land  with  their  hind  claws  approximately  on  the  crack.  In  drinking,  they 
know  just  where  to  level  off  (in  a  smooth  flight  path)  to  dip  in  lower  jaw 
and  tongue,  no  more.  In  insect  capture  they  appear  in  some  cases  to  be 
able  to  extrapolate  a  target's  direction  and  speed  of  movement  and  fly  in 
the  optimal  direction  to  intercept  it.  They  know  just  where  to  reach  with 
a  wing-tip  to  capture  an  insect,  even  when  the  last  usable  information 
(because  of  reaction  time)  must  have  come  several  cm  away;  and  they  can 
flawlessly  capture  insects  that  are  close  to  other  obstacles,  such  as  tree 
branches  or  the  ground.  The  neural  apparatus  for  distance  determination 
surely  exists.  If  they  can't  determine  distance,  they  are  extremely 
lucky. 
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DISCUSSION 

by 

William  E.  EVANS 


I  will  not  comment  directly  on  the  content  of  Dr. 

Grinnellfs  comprehensive  and  lucid  discussion  of  the 

mechanisms  for  overcoming  interference  in  echolocating 

animals.   I  would,  however,  like  to  offer  a  few  additional 

comments  on  some  of  the  problems  discussed,  especially 

in  regard  to  echolocation  in  the  aquatic  environment. 

Interference  From  Emitted  Pulses: 

Interference  from  the  outgoing  pulse  is  most  likely 

an  important  source  of  interference  to  echolocation  in 

aquatic  mammals  e.g.  delphinids.   However,  this  problem 

may  be  no  greater  for  echolocating  aquatic  mammals  than 

it  is  for  the  bats.   Although  the  speed  of  sound  in  water 

is  about  five  times  greater  than  that  in  air  (3U.U  cm/msec 

in  air,  and  150.0  cm/msec  in  water),  the  size  of  all 

known  aquatic  echolocators  is  much  greater  than  that  of 

any  species  of  bat.   Therefore,  the  inter-aural  distance 

and  the  distance  from  the  source  to  the  ear  of  the 

producer  are  also  considerably  greater.   As  an  example, 

the  distance  from  the  proposed  echolocation  pulse  source 

in  an  adult  Atlantic  bottlenose  dolphin  (Tursiops 

truncatus)  to  the  tip  of  the  rostrum  is  approximately 

35  cm  (2,5).   The  distance  from  the  tip  of  the  rostrum 

to  the  ear  is  about  HO  cm.   The  total  distance  traveled 

by  an  emitted  pulse  from  the  source  to  a  target  at  the 
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Fig.  1.  -   A  composite  diagram  showing  possible  distances 
of  sound  paths  through  the  head  of  a  dolphin 
from  the  source  to  the  ear  and  from  the  source 
to  the  tip  of  rostrum.   Distances  used  represen 
the  mean  of  measurements  made  on  the  skulls  of 
three  adult  Tursiops  truncatus . 
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Fig.  2.  -   Pure  tone  auditory  threshold  curve  of  an 

Atlantic  bottlenose  dolphin,  Tursiops  truncatus 
(4)  compared  to  open  ocean  ambient  noise 
measured  at  various  sea  states  (7). 
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end.  of  the  rostrum  and  the  echo  return  to  the  ear  is  75  cm 
or  an  elapse  time  of  about  0.5  milliseconds.   If  it  is 
assumed  that  sound  travels  at  about  the  same  velocity 
in  tissue  as  it  does  in  water,  there  would  be  about  a  0.1 
msec  delay  in  the  animal  hearing  (distance  of  15  cm)   its 
outgoing  pulse.   Thus  with  the  animal's  rostrum  touching 
a  target,  the  time  difference  between  the  emitted  pulse 
and  heard  echo  would  be  a  minimum  of  0.4  msec  (Fig.  1) 
for  an  adult  Tursiops.   In  addition  the  duration  of  echo- 
location  pulses  for  some  delphinids  (Tursiops  and  Steno) 
vary  from  less  than  0.1  msec  to  0.5  msec  with  an  average 
value  of  about  0.2  msec.   Although  larger  values  than 
these  (1.0  -  2.0  msec)  have  been  given  (2),  most  of  these 
longer  pulse  durations  are  based  on  measurements  made  on 
limited  bandwidth  equipment  (100  hz  -  15  kHz)  with  the 
animals  in  highly  reverberant  enclosures.   In  either  case, 
delphind  pulses  are  generally  shorter  than  those  used  by 
bats. 

Considering  the  length  of  pulse  and  the  built-in 
minimum  temporal  separation  of  emitted  pulse  to  echo, 
there  would  be  no  overlap  of  the  outgoing  pulse  and  the 

echo  even  at  the  observed  maximum  repitition  rates  of 
500  (Evans,  Johnson  this  volume).   If  one  wished  to 
speculate  that  echolocating  aquatic  mammals  i.e.  delphinids, 
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have  neurophysiological  mechanisms  similar  in  function 
to  those  Dr.  Grinnell  has  demonstrated  for  bats  it 
would  appear  then  that  the  problem  of  interference  from 
the  outgoing  pulse  should  be  no  greater  for  aquatic 
echolocating  mammals  than  it  is  for  their  aerial  counter- 
part, the  bat. 
Target  Recognition: 

If  we  look  at  the  problem  of  discriminating  echo 
returns  from  a  wide  variety  of  objects  as  essentially 
non-echolocating  mammals,  it  appears  indeed  formidable. 
However,  with  the  neurophysiological  capability  demon- 
strated and  described  by  Dr.  Grinnell  this  may  not  be 
an  overwhelming  problem  for  an  echolocating  animal, 
especially  in  the  context  of  his  natural  environment. 
Different  food  targets  most  likely  vary  considerably  in 
size,  material  composition,  pattern  and  speed  of  loco- 
motion.  Learning  undoubtedly  plays  an  important  role  in 
this  aspect.   Where  several  aspects  of  a  target  are 
needed  for  full  recognition,  the  target  may  need  to  not 
only  produce  an  echo  like  a  food  object  (insect,  fish), 
but  move  like  an  insect,  be  within  the  appropriate  size 
range,  and  be  in  the  proper  environment.   Some  of  these 
factors  are  undoubtedly  more  important  than  others. 
Generally  in  the  initial  training  stages  it  is  not  easy 
to  get  the  dolphin  to  take  "dead"  food.   Once  a  particular 
type  of  food  is  taken  a  certain  amount  of  time  is  needed 
to  change  to  a  different  size  and  type  of  food  fish. 
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We  should  also  consider  the  factor  of  attention  in 
the  matter  of  resistance  to  jamming.   Just  as  man  can 
attend  successfully  to  one  conversation  or  one  voice  in 
a  group  of  many  voices  or  attend  to  one  musical  instru- 
ment in  a  quartet  of  musical  instruments,  the  animal, 
dolphin  or  bat ,  most  probably  can  attend  to  an  echo  of 
importance  in  a  complicated  ensemble  of  echos .   Attention 
may  also  be  of  some  import  in  the  identification  of  an 
echo  associated  with  a  specific  pulse.   Each  echo  will 
bear  a  correlated  and  somewhat  predetermined  relationship 
in  time  and  direction  with  the  outgoing  pulse  which  it 
represents.   Combinations  of  these  factors  should  provide 
target  signatures  that  fall  well  within  the  discrimination 
limits  demonstrated  neurophysiologically  for  bats  and 
behaviorally  for  delphinids  (Norris  et  al ,  and  Evans  and 
Powell,  this  volume)1.   One  would  suspect  that  this  would 
hold  equally  true  for  static  targets  such  as  trees, 
branches,  buildings  and  their  underwater  counterparts. 
Ambient  Noise: 

Delphinids  are  faced  with  essentially  the  same  types 

of  interference  from  ambient  noise  as  those  elaborated 

by  Grinnell  for  bats.   In  delphinids,  however,  the  problem 

may  be  more  pronounced,  particularly  in  reference  to  the 

^Some  of  the  acoustical  parameters  of  targets  and 
their  effects  on  the  echo  signature  are  discussed  in 
detail  by  Johnson,  this  volume  and  by  Norris  et  al . 
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emitted  pulses  of  companions.   This  is  especially  true 
in  light  of  Basitan's  work  (this  volume)  which  indicates 
that  some  of  the  pulse  output  of  Tursiops  may  be  communi- 
cative as  well  as  echolocative. 

As  is  the  case  in  bats ,  delphinids  probably  avoid 
much  of  the  ambient  noise  problem  by  the  use  of  ultrasound 
since  most  of  the  acoustic  energy  in  the  sea  ambient  is 
below  10  kHz  (7)  and  the  most  sensitive  range  of  hearing 
is  from  10  kHz  to  100  kHz  (H)  (Fig  2).   In  addition  to 
this,  Dudok  Van  Heel  (1)  has  demonstrated  a  high  degree 
of  directionality  of  hearing  in  the  common  harbor  porpoise, 
Phocaena  phocaena.   This  well-developed  sense  of  directional 
hearing,  if  it  exists  for  other  species,  and  the  apparent 
narrow  beaming  of  the  emitted  pulse  (3,  6)  could  account 
in  large  part  to  the  apparent  success  of  delphinid  echo- 
location  even  in  extremely  noisy  environments.   Dr.  Grinnell 
expressed  the  opinion  that  the  narrow  beaming  of  the 
emitted  pulse  might  be  at  the  expense  of  losing  information 
about  targets  or  obstacles  at  angles  out  of  the  beam.   This 
may  not  be  the  case,  at  least  in  Tursiops ,  since  the  head 
scanning  which  is  associated  with  echolocation  in  most 
species  observed,  allows  the  animal  to  cover  a  very  broad 
field  directly  ahead  (50°  right  or  left)  with  a  beam  as 
narrow  as  10°.   In  addition,  the  width  of  the  beam  of 
outgoing  dolphin's  echolocation  pulses  appears  to  be 
frequency  dependent  (6).   The  echolocation  pulses  of  most 
dolphins  appears  to  have  energy  distributed  over  a  broad- 
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Fig.  3.  -   Spectrographs  of  a  typical  bat  (Myotis  species) 
and  dolphin  (Tursiops  truncatus)  echolocation 
pulse. 
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band  of  frequencies  (200  hZ  150  kHz).   Energy  below  40  kHz 
is  distributed  over  a  relatively  wide  beam  narrowing 
progressively  as  the  frequency  increases. 

In  any  discussion  of  the  interference  problems 
encountered  by  an  echolocating  animal  it  is  necessary  to 
be  aware  of  the  characteristic  of  the  signal  being  used 
to  gain  echo  information.   This  is  especially  true  in  any 
comparison  of  aerial  echolocators  to  aquatic  echolocators . 
As  has  been  well  established  at  this  symposium  bats  use  a 
relatively  short,  basically  single  frequency  (range  20  kHz  - 
90  kHz),  more  often  than  not  frequency  modulated  pulses. 
The  few  species  of  delphinids  that  have  been  adequately 
studied  use  a  profoundly  different  type  of  pulse  for 
echolocation.   The  pulse  produced  by  Tursiops  truncatus 
is  very  short  in  duration  (0.2  -  0.7  msec),  containing 
energy  throughout  a  broad  range  of  frequencies  (20  -  150 
kHz).   Characteristic  frequency  -  time  patterns  for  a  typical 
bat  pulse,  and  a  typical  dolphin  pulse  are  presented  in 
Fig.  3  for  comparisons.   Although  no  quantitative  studies 
have  been  made  one  would  intuitively  think  that  the  resistance 
to  interference  i.e.  jamming,  of  each  of  these  two  types  of 
pulses  would  be  significantly  different. 

In  closing  I  would  like  to  reemphasize  Dr.  Grinnell's 
statement  that  most  of  this  material  is  speculative  in 
nature.   However,  I  would  like  to  note  that  with  the 
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neurophysiological  and  behavioral  data  available  on  the 
echolocation  ability  of  bats  and  more  recently  delphinids , 
we  now  have  a  firm  format  within  which  a  comprehensive 
understanding  of  biological  sonar  systems  can  be  built. 
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DISCUSSION 

par 

L.  GERARDIN 


Le  schema  de  recepteur  de  chauve-souris  etudie  par  l'au- 
teur  offre  une  similarity  frappante  avec  les  recepteurs  de  radar 
Pulse-Doppler  les  plus  evolues  en  cours  d1 etude  :  batterie  de  fil- 
tres  a  accords  decales ^logique  de  comparaisons  et  de  seuils  entre 
filtresjsans  oublier  l'action  de  duplexage  emission  reception  de 
certains  muscles  et  de  seuils  de  neurones. 

Les  largeurs  de  bande  des  resonateurs  :  2   a  5  kHz^sont 
parfaitement  bien  adaptees  aux  durees  des  signaux  emis  et  a  la 
modulation  de  frequence  qui  y  existe  (chez  les  Vespertilionides) . 

La  mesure  de  frequence  par  observation  de  2  a  3  cycles 
est  un  peu  a  la  limite  de  la  constante  de  temps  de  ces  filtres, 
il  faudrait  etudier  ceci  plus  en  detail.  La  surtension  de  10  n'a 
rien  d' extraordinaire  (je  n'ai  vu  mentionne  nulle  part  dans  la 
communication  de  donnees  concluant  a  une  surtension  de  10  000  et 
a  des  bandes  passantes  de  3  cycles  ! ) . 

L'emploi  possible  d'une  analyse  de  structure  interne 
d'un  signal  PM  par  une  cascade  de  reponses  de  filtres  successifs 
est  fort  interessante.  Elle  pourrait  expliquer  la  resistance  au 
brouillage  par  bruit  blanc  et  la  non  perception  d'echos  de  grandes 
dimensions  (arbre,  etc.)  qui  ne  renvoient  pas  en  realite  un  echo 
pur  mais  une  sorte  de  bruit  du  fait  de  la  totale  decorrelation 
mutuelle  des  signaux  renvoyes  par  les  multiples  points  reflechis- 
sants  de  la  cible  de  grande  dimension. 

Mais  est-il  possible  d1 expliquer  par  ce  processus  l'in- 
sensibilite  d'un  animal  au  brouillage  mutuel  des  signaux  emis  par 
ses  congeneres.  Connait-on  exactement  la  dispersion  autour  d'un 
signal  type  des  signaux  emis  par  des  individus  varies,  et  quelle 
serait  la  precision  de  1' analyse  frequentielle  capable  de  sepa- 
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rer  les  signaux  particuliers  de  deux  individus  differents  ?  Est- 
elle  compatible  avec  des  bandes  de  2  a  5  kHz  pour  les  resonateurs 
individuels  ?  On  peut  en  douter. 

La  directivite  des  emetteurs  (bouche)  et  des  recepteurs 
(oreilles)  estjcomme  le  signale  A.D.  GRINNELL,  un  facteur  proba- 
blement  beaucoup  plus  efficace. 

Dans  ce  domaine  de  la  resistance  aux  signaux  interfe- 
rents,  il  est  un  autre  point  qui  semble  meriter  quelques  refle- 
xions, c'est  celui  de  la  lutte  moucherons-chauves-souris.  Dans  les 
etudes  sur  le  sujet  faites  par  le  groupe  de  Tufts  University,  on 
voit  decritsles  recepteurs  d'ecoute  des  moucberons  (tout  au  mo ins 
de  certaines  especes) >leur  comportement  de  fuite,  puis  d'evasives 
rapides  si  la  chauve-souris  continue  a  se  rapprocher  et  finale- 
ment  1' emission  de  brouillage  par  clics  tres  brefs  si  le  preda- 
teur  arrive  au  contact.  Tres  generalement,  l'emission  de  clics 
provoque  chez  la  chauve-souris  une  reaction  de  rupture  de  la  pour- 
suite,  Ceci  a  ete  confirme  par  les  mesures  en  laboratoire  (en 
particulier  Science,  Janvier  1965,  p.  173-174).  Deux  hypotheses 
explicatives  sont  alors  possibles  :  ou  bien  le  brouillage  agit 
comme  un  brouillage,  en  ce  sens  qu'il  perturbe  la  poursuite ,en 
particulier  la  poursuite  angulaire.  Ceci  serait  fort  interessant 
car  1' analyse  du  phenomene  devrait  apporter  quelques  lueurs  sur 
les  processus  de  poursuite  angulaire.  Ou  alors,  il  s'agit  d'une 
simple  indication  de  la  part  de  l'insecte  poursuivi  :  inutile  de 
continuer  la  poursuite,  je  ne  suis  pas  comestible.  Dorothy  C. 
DUNNING  m'a  signale  qu'effectivement  la  chauve-souris  rejette  en 
hate  un  moucheron  de  ces  families  brouilleuses  si  par  inadvertance 
la  poursuite  s'est  terminee  par  la  capture.  Cette  seconde  explica- 
tion est  tres  logique  et  ne  pose  pas  de  nouveaux  points  d' interro- 
gation. Peut-on  decider  avec  une  bonne  certitude  quelle  est^de  ces 
deux  hypotheses, celle  a  laquelle  il  convient  de  se  rallier. 
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INTERACTION  OF  OTHER  SENSORY  SYSTEMS 
WITH  THE  SONAR  SYSTEM 

by 

G.  NEUWEILER 

Introduction 

One  of  the  vital  tasks  of  every  living  creature  consists  of 
getting  a  maximum  of  detailed  information  on  the  nature  of  its 
environment  in  the  shortest  possible  time.  Animals  obtain  this 
information  by  sensate  perception  of  different  modality  energy 
pattern  emitted  or  reflected  by  extrinsic  objects.  The  excitations 
produced  in  this  manner  are  conducted  to  the  brain  where  they  are 
integrated  into  a  complex  excitatory  pattern.  Orientation  in 
Vertebrates  is  possible  only  by  virtue  of  transformation  of  spatial, 
extrinsic  energy  patterns  into  a  spatially  correlated  excitation 
pattern  within  the  central  nervous  system.  The  more  energy 
modalities  entering  into  the  excitation  pattern,  the  larger  and 
the  more  detailed  is  the  total  amount  of  information.  It  is  well 
known  that  the  reticular  formation  of  the  midbrain,  the  thalamic 
nuclei,  and  the  motor  and  association  cortices  contain  regions 
where  inputs  of  different  sense  organs  converge.  Recently  MURATA 
and  coworkers  (29)  succeeded  in  proving  that  in  the  visual  cortex 
of  the  cat  acoustic,  somesthetic,  and  visual  stimuli  converge  on  a 
single  neuron.  Though  cooperation  of  all  sense  modalities  would 
provide  maximum  information,  many  animals  rely  on  only  a  few  of 
them.  While  not  all  energy  modalities  are  equally  well  suited  to 
representation  of  the  environment,  in  some  biotopes  not  all  energy 
sources  are  available,  or  they  disappear  periodically.  The  ideal 
energy  source  would  be  an  extrinsic,  strong  emitter  with  a  constant 
or  periodical  energy  flux.  The  stable  gravitation  field  of  the 
earth,  and  the  electromagnetic  radiation  of  the  sun  e.g.  are 
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energy  modalities  favorable  to  orientation. 

All  Vertebrates  determine  their  position  in  the  3  coordinates 
of  the  gravitation  field  of  the  earth  predominantly  by  means  of 
their  equilibrium  sense  organs.  Since  these  organs  are  invariable 
guides  of  all  orientation  actions,  and  since  they  do  not  reveal 
anything  to  the  animal  concerning  the  nature  of  its  surroundings, 
further  discussion  will  not  be  needed  in  this  text. 

The  most  suitable  sense  organ  for  environmental  orientation  is 
the  eye.  By  a  large  spatially  ordered  point-to-point  representation 
it  instantly  and  simultaneously  transforms  patterns  of  sunlight 
reflexion  from  objects  into  a  congruent  excitation  pattern  on  the 
retina.  Since  they  live  partly  or  mostly  in  darkness,  echo locating 
vertebrates  should  have  serious  orientation  problems:  they  use 
self-produced,  variable  sound  pulses  which  yield  only  a  temporary 
and  spatially  limited  information  about  the  more  immediate  neigh- 
bourhood. Whenever  the  sound  production  stops  the  flux  of  infor- 
mation will  cease  too.  One  might  therefore  suspect  that  such 
shortcomings  are  compensated  for  by  means  of  other  sensory  systems. 

So  far  no  experimental  investigations  of  the  aspect  of  multi- 
sensory  interaction  have  been  carried  out  on  echolocating  terres- 
trial vertebrates.  I  will  therefore  try  to  gather  a  mosaic  from 
various  investigations  on  sense  organs  of  the  animals  concerned, 
as  well  as  from  numerous  occasional  observations  of  students 
of  echolocation. 

Birds. 

Collocalia  or  Cave- swift lets  of  Southeast  Asia  are  small  birds 
which  live  in  huge  colonies  and  build  their  nests  beneath  the 
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ceiling  in  the  darkest  corners  of  natural  caves.  They  roost 
during  the  night  and  fly  out  during  the  daytime  to  hunt 
insects  on  the  wing.  NOVICK  (34)  and  Lord  MEDWAY  (25,  26) 
investigated  the  orientation  of  Collocalia  brevirostris  uni- 
color  in  Ceylon  and  C.  maxima  lowi  in  Malaya.  Swiftlets  entering 
a  cave  abruptly  began  to  emit  relatively  low-pitched  clicks  at 
a  rate  of  up  to  6/sec.  The  rate  increased  as  the  birds  approached 
their  nests.  Whenever  a  bird  turned  towards  the  light  in  the 
entrance  it  ceased  to  emit  sound  clicks.  Captured  Collocalia 
flew  silently  in  a  lighted  room  but  started  their  orientation 
sounds  the  instant  the  electric  light  was  switched  off.  Deafened 
birds  were  seriously  desorientated.  Even  Collocalia  that  could 
hear  normally  clearly  avoided  to  fly  and  usually  roosted  quickly. 
NOVICK  found  that  cave- swiftlets  living  in  fairly  lighted  caves 
never  emit  any  clicks  at  all,  and  according  to  MEDWAY,  C.  esculenta 
lacks  orientation  sounds  altogether. 

Such  observations  disclose  that  Collocalia  uses  echolocation 
only  when  vision  absolutely  fails.  During  their  hunting  flights 
in  full  sunlight  they  most  probably  rely  on  vision  as  all  other 
swiftlets  not  roosting  in  caves  do  also.  Yet  the  use  of  echo- 
location  in  the  pursuit  of  insects  is  still  possible.  The  nature 
of  their  orientation  sounds  however,  makes  it  highly  improbable. 
From  small  objects  the  low-pitched  pulses  of  4-5  kHz/sec  do  not 
reflect  as  well  as  those  of  the  bats,  which  are  pitched  ten 
times  higher.  Apart  from  that,  the  low  repetition  rate  of  up  to 
10/sec  conveys  only  a  small  fraction  of  information/ time  unit  if 
compared  to  the  repetition  rate  of  more  than  100/ sec  in  bats  when 
close  to  their  prey.  Recently  DUCKER  (10)  described  numerous 
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greenish  to  colorless  oildroplets  in  the  cones  of  the  retina 
of  C.  esculenta.  But  she  found  only  a  small  percentage  of 
yellow  and  red  ones.  This  predominance  of  greenish  oildroplets 
is  found  again  in  owls  and  night- jars,  but  forms  a  marked  dif- 
ference to  other  diurnally  active  birds.  There  is  no  physiological 
date  on  the  vision  of  cave-swiftlets  available  but  the  abundance 
of  oildroplets  and  cones  in  the  retina  of  Collocalia  strongly 
suggests  a  good,  if  not  excellent,  vision.  One  is  tempted  to 
assume  that  in  cave-swiftlets  echolocation  is  of  recent  date 
only,  and  as  yet,  is  in  a  poorly  developed  state.  Such  an  opinion 
is  supported  by  the  following  facts: 

1)  Echolocation  appears  only  in  Collocalia  species  living  in  dark 
caves. 

2)  Orientation  sounds  are  low  pitched. 

3)  The  repetition  rate  of  sound  pulses  is  reversely  correlated 
to  light  intensity.  This  forms  a  striking  contrast  to  bats  in 
which  sound  emission  is  independent  of  light  intensity. 

4)  Cave-swiftlets  are  only  diurnally  active. 

The  last  statement,  however,  does  not  apply  to  the  South- 
American  oil  bird  Steatornis  studied  by  GRIFFIN  (15):  These  birds 
roost  during  daytime  in  sections  of  caves  which  are  completely 
dark.  In  the  evening  thousands  of  oilbirds  fly  out  of  a  cave, 
producing  a  continuous  noise  of  very  sharp  clicks  of  a  mean  sound 
frequency  of  7,3  kHz/ sec.  The  sounds  are  emitted  in  bursts  of  up 
to  6  clicks.  Since  GRIFFIN  does  not  mention  the  rate  of  bursts 
during  flight  a  clear  figure  of  the  repetition  rate  cannot  be 
given.  The  oilbirds  fly  off  to  trees  where  they  feed  on  fruit. 
As  in  the  case  of  Collocalia,  the  oilbirds  greatly  diminish 
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their  repetition  rate  while  flying  in  light.  Oilbirds  with  both 
ears  plugged  skillfully  avoided  all  obstacles  in  a  lighted  room. 
GRIFFIN  therefore  concludes:  "Evidently  when  light  is  available 
the  oilbirds  orient  themselves  by  vision".  To  my  knowledge 
nothing  is  known  about  possible  sound  production  in  oilbirds 
when  flying  in  search  of  fruit  in  nocturnal  dim  light.  The 
diminishing  rate  of  clicks  in  light  and  the  well  developed  eyes 
of  Steatornis  lead  me  to  the  assumption  that  vision  plays  an 
important,  if  not  a  major  part,  in  nocturnal  orientation  as  long 
as  some  faint  light  is  available.  Though  echolocation  is  more 
intensive  in  Steatornis  than  in  Cave- swift lets,  it  again  seems 
to  be  an  adaptation  to  cave-roosting  rather  than  an  orientation 
mechanism  during  nocturnal  activities.  This  view  is  supported 
by  the  results  obtained  by  WINTER  and  SCHWARTZKOPFF  (38).  They 
show  that  Steatornis  conforms  to  the  general  rule  saying  that 
in  all  birds,  from  the  smallest  singing  bird  up  to  the  large 
eagle  owl  (only  exception:  night  owls),  the  number  of  nerve 
cells  in  the  hearing  centres  of  the  Medulla  increases  in  pro- 
portion to  the  body  weight  0,15. 

Random  noise  hearing  may  also  be  an  efficient  aid,  especially 
in  locating  enemies,  but  there  is  no  data  available  on  the  phy- 
siology of  hearing  in  Steatornis.  In  the  case  of  the  fruit-eating 
Steatornis  smell  may  be  an  additional  guide  to  food,  but  olfaction 
in  birds  is  generally  said  to  be  poor. 
Megachiropt era . 

This  is  evidently  not  the  case  in  another  fruit-eating  noc- 
turnally  active  cave-dweller;  the  Flying  Fox  of  the  genus 
Rousettus.  Among  Flying  Foxes  this  genus  is  the  only  one  using 
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echo location  (28).  During  the  daytime  they  roost  in  dark  caves 

or  vaults  which  they  leave  after  sunset  in  search  of  sweet 

fruits.  MOHRES  and  KULZER  (28)  demonstrated  that  fast  flying 

3 
Rousettus  can  easily  detect  50  mg  banana  of  0,005  cm  of  banana 

ether  by  smell  only.  It  is  without  doubt  their  fine  sensitivity 
for  odours  that  guides  them  towards  the  ripe  fruit.  Olfaction 
as  well  as  extreme  sensitivity  to  random  noise  are  instruments 
for  the  locating  of  spots  rather  than  for  representation  of  the 
spatially  fixed  environment.  For  the  latter  purpose  Rousettus 
relies  on  vision  and  possibly  on  echolocation. 

GRIFFIN,  NOVICK  and  KORNFIELD  (18)  showed  that  in  complete 
darkness  Rousettus  can  avoid  wires  down  to  1,07  mm  0  and  detect 
others  of  0,46  mm  0.  Their  tongue-produced  orientation  clicks 
contain  a  wide  band  of  frequencies  mounting  up  to  100  kHz/ sec. 
The  maximum  intensity  is  confined  to  12-18  kHz/ sec.  In  a  barrier 
experiment  in  complete  darkness  Rousettus  aegyptiacus  did  not 
touch  wires  of  3  mm  0  79  %  of  the  time.  But  it  invariably  hit 
these  wires  as  soon  as  intense  thermal  noise  above  25  kHz/ sec 
was  played  into  the  room.  However,  when  the  light  was  switched 
on,  the  Flying  Fox  instantly  regained  its  former  skillfullness. 
Even  with  continued  noise  it  scored  90  7Q   misses.  This  loss  of 
orientation  in  darkness  by  ultrasonic  noise  as  well  as  its 
immediate  recovery  in  light  indicates  firstly  that  perception 
or  neural  processing  of  echo information  are  not  yet  as  sophisti- 
cated as  in  insectivorous  bats,  and,  secondly  that  vision  yields 
as  many,  if  not  more,  informative  cues  as  long  as  some  faint 
light  is  available.  A  Rousettus  with  ears  plugged  takes  off 
without  any  difficulty  and  skillfully  avoids  all  obstacles 
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Table    1 .      Thresholds   of   brightness   -   discrimination. 


D  a  r  k  - 

Middle- 

White- 

range 

range 

range 

Plying  -Pox 

0/7 

25/48 

76/100 

Hedgehog 

0/3 

22,6/46,5 

73/100 

Rat 

- 

29/50 

- 

Golden  Hamster 

1,1/2,7 

31,2/46,1 

68/100 

Squirrel 

0/2 

30,7/41,5 

74,4/100 

Minnow 

0/2,1 

26,2/46,5 

78,6/100 

Man 

2,1/4,3 

22,6/17,9 

78,6/100 

Figures   give   the   percentage   of   white   -   content    in   the    signals 
at   threshold   level. 


Pig.1.  Meridian  section   through  the   eye   of   the  Plying  Pox 

Pteropus   gig.    giganteus.        8,5x   enlarged. 

C      Cornea,    Ch      Chorioidea,    I      Iris,    L      lense,    No      optic  Nerve 
Os      Ora  serrata,    R     Retina,      Sk     °klera,    Z      ciliary  body. 
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in  a  dimly  lit  room.  As  in  the  case  of  birds,  the  intensity 
and  the  rate  of  orientation  sounds  greatly  diminish  without 
ever  ceasing  altogether  when  Rousettus  flies  in  daylight. 

In  1962  I  published  a  report  on  the  structure  and  the  function 
of  the  eye  of  Pteropus  giganteus,  the  Indian  Flying  Fox  (30). 
This  close  relative  of  Rousettus  lives  on  trees  in  the  open  field 
and  does  not  have  any  echo location  device  at  all  (28),  yet  it 
searches  for  fruit  under  exactly  the  same  conditions  as  Rousettus 
does.  Except  for  darkness  in  caves,  vision  alone  seems  to  make 
Pteropus  as  well  orientated  as  the  echolocating  Rousettus 
during  its  nocturnal  activities.  A  cross-section  through  the 
eye  of  Pteropus  shows  all  features  of  a  typical  night-adapted 
eye  (Fig.  1):  The  most  eminent  part  of  the  eye  is  the  large 
nearly  spherical  lens  which  occupies  60  %   of  the  axial  diameter. 
The  cornea  is  more  curved  than  the  bulbus  and  covers   130°  of  the 
surface  of  the  eyeball.  Cornea  and  lens  form  a  powerful  re- 
fraction device  yielding  a  refraction  of  144  dioptr  or  a  focal 
distance  of  only  9,23  mm  compared  to  only  67  dioptr  of  15  mm 
focal  distance  in  the  human  eye.  In  spite  of  this  great  re- 
fraction, and  due  to  the  short  lens-retina  distance,  the  eye  is 
far-sighted  by  +  2  dioptr  only,  as  measured  by  skiascopic  means. 
This  extremely  short- focussed  refraction  system  produces  a  retinal 
image  which  is  smaller  but  brighter  than  that  of  eyes  of  diurnal 
mammals.  It  also  implies  a  wide  depth  of  focus,  so  that  an 
accommodation  to  objects  at  different  distances  may  not  be 
necessary  at  all.  As  a  matter  of  fact  the  ciliary  body  is  very 
narrow  and  contains  no  ciliary  muscles.  Experiments  with  pilo- 
carpine and  atropine  proved  that  accommodation  was  missing.  The 
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Fig. 2.     Sagital  section  through  the  retina  of  Pteropus 
gig.  giganteus.   1 28x  enlarged. 

C   capillary  loop,  Ch  Chorioidea,  e.g.   external  grain  layer, 
i.g.   internal  grain  layer,  i.p.   internal  plexiform  layer, 
nf  nervefibers,  p  pigmental  cell  layer,  r  rods,  sk  Sklera. 
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visual  cell  layer  contains  only  very  thin,  long,  stretched 
rods.  They  are  densely  packed.  1  mm^  contains  on  an  average 
672400  rodSo  This  is  one  of  the  highest  visual  cell  densities 
found  in  any  mammalian  retina.  The  ganglion  cell  layer  on  the 
contrary  contains  only  1585  ganglion  cells  per  mm^.  This  means 
that  on  an  average  275-400  rods  have  to  converge  to  a  single 
neuronal  cell  leading  to  the  visual  centres,  a  figure  representing 
an  unusually  high  degree  of  spatial  summation  in  the  retina.  In 
Tyto  alba  e.g.  the  ratio  is  only  15:1.  In  addition,  the  chorioidea 
of  all  Megachiroptera  protrudes  into  the  layer  of  rods  in  regularly 
distributed  densely  melanized  cones  (Fig.  2).  On  top  of  each  cone 
a  fine  blood  capillary  loop  emerges  and  penetrates  deeply  into 
the  innermost  stratas  of  the  visual  cell  layer.  Since  the  rods 
always  point  vertically  to  the  chorioidea,  the  surface  of  the 
layer  of  rods  looks  regularly  scrumpled,  very  much  like  an  egg- 
container.  Due  to  the  large  depth  of  focus  gained  by  high  re- 
fraction the  resulting  displacements  of  the  rods  by  75yU  from  the 
top  to  the  bottom  of  the  cones  do  not  impair  the  acuity  of  vision. 
The  capillaries  secure  a  quick  blood  supply  and  metabolic  ex- 
change on  the  receptor  level.  This  may  account  for  the  adaptation 
within  minutes  when  changing  from  daylight  to  dim  twilight. 

In  numerous  experiments  based  on  a  food  reinforced  training 
method  I  investigated  the  visual  functions  of  Pteropus.  The 
ability  for  brightness  discrimination  functions  in  the  Flying 
Fox  as  well  as  in  any  other  mammal  so  far  investigated,  and  in 
man  (Table  1).  The  visual  acuity  was  measured  as  was  the  minimum 
separable  of  positive  black  and  white  stripes  against  negative 
homogeneous  grey.  It  proved  to  be  18 f  in  full  light,  a  figure 
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Fig. 3.    Visual  acuity  of  Flying  Foxes  (Pteropus  gig. gig.) 

Abscissa:  brightness  in  the  experimental  cage  (asb). 

Ordinate:  minimum  separabile. 

Black  dots:  Flying  Foxes,   triangles:  average  of  three  male 

students,   dash:  threshold  of  visual  perception  in  ^lying  Foxes 
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Fig. 4.     Visual  acuity  in  man  (M),  elephant  (E),  minnow  (El) 
and  Flying  Fox  (FH). 
Abscissa:  Brighibness  in  asb. 
Ordinate:  1/  minimum  separabile. 


equal  to  that  of  other  nocturnal  mammals,  but  much  inferior, 
of  course,  to  that  in  Primates  (chimpanzee  26") „  However,  an 
examination  of  the  visual  acuity  in  steadily  decreasing  light 
produced  a  surprising  result.  Within  the  luminescence  range  of 
100  to  0,1  Millilambert,  where  the  visual  acuity  of  man  and 
diurnally  active  mammals  sharply  declines  to  nearly  1/10  of 

its  best  value,  the  visual  acuity  of  the  Flying  Fox  remains  al- 

-4 
most  unchanged  (Fig.  3).  It  slowly  drops  between  0,1  and  10 

-4      -6 
Millilambert.  In  the  extremely  dim  light  of  10   to  10   Milli- 
lambert the  acuity  of  the  Flying  Fox  is  absolutely  superior  to 
that  of  man.  In  4,5  x  10   Millilambert  the  minimum  separable 
of  Flying  Foxes  was  48',  whereas  3  students,  measured  under 
the  same  conditions  only  scored  1°20'!  Thus,  in  extremely  dim 
light  Flying  Foxes  definitely  see  better  than  man.  The  absolute 
visual  threshold  was  found  to  be  less  than  4.10   Millilambert, 
roughly  the  same  as  in  man  and  in  owls.  The  investigation  shows 
that  in  non- echo locating  fruit-bats  entirely  sufficient  orienta- 
tion during  night-time  is  still  possible  due  to  an  eye  that  is 
perfectly  adapted  to  vision  in  dim  light.  The  same  may  be  true 
for  all  Megachiroptera.  Unpublished  results  obtained  by  KULZER 
disclose  that  Rousettus  can  see  as  well  as  Pteropus.  Again,  as 
in  the  case  of  Collocalia  and  Steatornis  I  would  like  to  submit 
that  in  Rousettus  echolocation  is  an  adaptation  to  cave-roosting 
where  absolute  darkness  may  occur.  During  nocturnal  activities 
vision  may  still  be  a  major  information  source. 

Microchiroptera. 

In  all  the  species  discussed  so  far  the  importance  of  echo- 
location  has  somehow  been  downgraded.  This  is  not  the  case  with 
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Microchiroptera  or  insectivorous  bats,  animals  which  in 
addition  to  cave,  roosting  have  turned  to  nocturnal  hunting  on 
the  wing.  The  discovery  by  GRIFFIN  (16)  of  echo location  in  bats 
leads  to  an  abundance  of  good  papers  on  echolocation  and  hearing. 
But  only  little  experimental  research  concerning  other  senses 
can  be  traced.  Anyhow  there  is  ample  evidence  that  bats  can  orient 
themselves  excellently  by  echolocation  alone.  GALAMBOS  and 
GRIFFIN  (17)  showed  that  in  a  wire  barrier  experiment  bats  per- 
formed better  when  blindfolded.  28  Myotis  1.  lucifugus  hit  1  mm 
0  wires  in  30  %   of  3021  trials  when  untreated  but  in  only  24  % 
of  2016  trials  when  their  eyes  were  covered.  This  result  indi- 
cates on  the  other  hand  that  sighted  bats  may  see  crude  move- 
ments of  objects,  and  that  these  may  distract  their  attention  thus 
decreasing  the  rate  of  misses  in  the  barrier  experiment.  CURTIS 
(6)  tried  to  investigate  the  visual  function  of  the  eye  of  the 
bat :  Ear-plugged  Myotis  1.  lucifugus  had  to  learn  how  to  avoid 
white  cardboard  barriers,  5  cm  in  width  and  suspended  1,5  m 
below  the  ceiling.  The  space  between  the  barriers  was  30  cm.  None 
of  the  4  bats  tested  gave  any  indication  of  being  able  to  see  the 
choose  between  a  lighted  and  a  dark  side  of  a  cage.  There  was  some 
evidence  the  bats  followed  the  lighted  one.  Trials  where  they  had 
to  differentiate  between  stripes  of  a  visual  angle  of  1°  and  others 
of  8°  failed  completely,  so  vision  definitely  does  not  play  any 
part  in  orientation  during  cruising  flights.  EISENTRAUT  success- 
fully trained  Eptesicus  serotinus  to  crawl  towards  a  white  door 
and  a  black  one.  Only  behind  the  white  door  was  the  bat  able  to 
find  some  food.  Already  after  a  few  trials  the  bat  had  learned  to 
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Moreover  most  of  the  noctumally  active  rodents  and  in- 
sectivores  only  hunt  within  a  limited  territory  which,  after  a 
few  cautious  exploratory  visits,  they  know  extremely  well.  There 
are  numerous  observations  which  indicate  that  all  these  verte- 
brates, including  the  echo locating  ones,  have  an  excellent 
memory  of  localities.  An  observer  justly  wonders  how  a  cave- 
swiftlet  can  find  its  own  nest  out  of  a  cluster  of  thousands 
within  seconds.  Many  investigators  of  bats  have  observed  how 
memory  gets  the  better  of  echolocational  evidence,  eDg.  when 
bats  stubbornly  try  to  enter  a  cage  at  the  fenced  frontside 
after  the  usual  entrance  has  been  turned  to  the  back.  NEUWEILER 
and  M8HRES  have  shown  that  the  memory  of  Megaderma  lyra  functions 
with  an  accuracy  of  about  2  cm  shifting  limit.  Shrews  often  store 
their  food  in  certain  spots,  so  they  must  have  an  exact  remem- 
brance of  places  in  order  to  refind  the  store.  Since  memory  is 
not  a  sense  organ  we  will  not  discuss  this  problem  further,  but 
the  importance  of  memory  in  the  orientation  system  of  echoloca- 
ting  terrestrial  mammals  cannot  be  overemphasized,  and  it  is 
deplorable  that  this  problem  has  only  very  rarely  been  investi- 
gated by  experiments. 

This  review  leads  to  the  conclusion,  that,  apart  from  Micro- 
chiroptera,  interaction  of  echolocation  with  other  sensory  organs 
mainly  with  vision  -  is  indeed  an  important  factor  in  the  re- 
orientation of  echolocating  terrestrial  mammals.  Or,  to  put  it 
the  other  way  round,  only  Microchiroptera  so  far  have  learned 
how  to  make  full  use  of  all  the  informative  capacities  implicit 
in  echolocation. 
The  interaction  may  be  classified  as  follows: 
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discriminate  between  white  and  black.  Hitherto  it  even  ran 
through  a  sequence  of  4  differently  placed  white  doors,  com- 
pletely disregarding  the  black  ones.  A  training  for  discrimi- 
nation of  blue  and  yellow  failed. 

This  year  SUTHERS  (41)  in  a  very  carefully  planned  experiment 
succeeded  in  proving  that  echolocating  Microchiroptera  are  able 
to  see  moving  patterns.  In  9  species  of  American  bats  he  could 
elicit  optomotor  responses  to  moving  vertical  black  and  white 
stripes  presented  to  the  bat  on  a  rotating  cylinder.  By  this 
method  he  measured  the  minimum  seeable  visual  angle.  The  smallest 
stripes  presented  were  seen  under  a  visual  angle  of  0.7°(=  42') 
from  the  bat's  central  position:  Saccopteryx  leptura  0.7°, 
Phyllostomus  hastatus  3.0°,  Anoura  geoffryi  0.7°,  Carollia 
perspicillata  0.7°,  Artibeus  jamaicensis  3.0°,  Desmodus  rotun- 
dus  0.7°,  Diaemus  young i  3.0°,  Myotis  lucifugus  6.0°.  This 
investigation  has  two  shortcomings.  Firstly,  those  bats  which 
still  followed  moving  stripes  of  0.7°  may  detect  even  smaller 
visual  angles,  since  narrower  stripes  were  not  yet  tested;  secondly, 
SUTHERS  did  not  measure  the  exact  light  intensity  used  which  makes 
comparisons  with  other  results  difficult.  Apart  from  experiments 
with  Myotis  the  illumination  was  decreased,  so  that  the  ex- 
perimenter barely  could  see  the  outlines  of  the  bat.  He  used  bulbs 
made  for  operation  on  120  V  on  half  the  voltage  only.  This  most 
probably  resulted  not  only  in  an  intended  drop  of  intensity  but 
also  in  a  shift  of  the  spectral  composition  of  the  light. 

It  is  of  interest  to  note  that  those  species  which  still 
responded  to  small  angles  were  either  insectivorous,  frequently 
hunting  in  the  daytime  (Saccopteryx),  or  fed  on  fruits,  nectar 
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or  non-flying  vertebrates.  On  the  other  hand,  Myotis,  a  purely 
nocturnal  bat  exclusively  hunting  insects  on  the  wing,  shows  the 
poorest  vision.  This  again  is  a  hint  that  wherever  vision  is 
biologically  feasible,  even  faint  light  is  used  as  an  information 
source. 

Significantly  enough  there  is  no  longer  any  correlation  between 
light  intensity  and  sound  emission  in  Microchiroptera.  In  Mega- 
derma  lyra  the  sound  intensity  and  the  repetition  rate  did  not 
change  at  all  when  the  lights  were  switched  off  (31),  yet 
optical  cues  are  not  completely  disregarded  e.g.  we  observed 
that  newly  caught  Megaderma  lyra  when  released  for  the  first 
time  in  a  room,  invariably  flew  towards  the  bright  windows  and 
hit  the  glass  at  full  speed.  The  brightness  of  daylight  entering 
through  the  glass  may  be  taken  as  a  sign  of  an  escape  route. 
Similar  observations  were  made  by  DAVIS  and  BARBOUR  (7).  They 
(2)  and  WILLIAMS,  WILLIAMS  and  GRIFFIN  (45)  showed  that  homing 
in  bats  is  adversely  affected  by  blindfolding.  There  are  numerous 
other  observations  indicating  that  bats  use  coarse  brightness 
patterns  in  choosing  dark  roosting  places  or  in  looking  for  an 
opening  in  a  cave.  All  investigators  report  olfaction  to  be  poor 
in  bats.  Before  the  discovery  of  echo location  many  scholars 
thought  that  the  incredible  skillfullness  in  nocturnal  orientation 
might  be  due  to  an  unusual  sensitivity  to  air  currents.  But 
DIKJGRAAF  (9)  states  that  the  sensitivity  of  their  wings  to  mecha- 
nical stimuli  is  not  superior  to  that  in  other  mammals.  SYCH  (42) 
gave  Myotis  myot.  a  choice  of  4  wind  channels  with  air  currents 
of  different  speed.  Air  currents  of  0,2  and  2,5  m/sec  were  most 
attractive  to  unfed  bats,  whereas  well  fed  species  remained  in- 
different to  wind  speed.  That  means  that  air  currents  may  occasion- 
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ally  and  for  a  limited  time  contribute  some  cues  to  spatial 
orientation. 

Rodents  and  Insect ivora. 

In  the  last  group  of  animals  we  are  going  to  discuss,  the 
occurrence  of  echo location  is  still  disputed.  In  1951  KAHMANN 
and  OSTERMANN  (22)  reported  jumping- experiments  with  golden 
hamsters,  shrews  and  dormice  in  darkness.  The  results  of  the 
experiments  suggested  that  these  mammals  used  echos  in  locating 
a  small  and  unreachable  platform,  BROTZLER  (3)  repeated  this  ex- 
periment with  golden  hamsters  and  denied  any  echoorientation.  He 
failed  to  detect  any  sound  production  using  a  mike  built  into 
the  platform  on  which  the  hamsters  had  to  jump.  In  a  very  ex- 
tensive study  he  comes  to  the  conclusion  that  golden  hamsters 
preferably  use  optical  signs  for  orientation  in  dim  light  down 
to  9.10   Millilambert  and  that  the  use  of  olfactory  signs  comes 
second.  In  reorientation  space  memory  is  a  major  factor. 

ANDERSON  (1)  reported  lab-rats  to  emit  pure  inaudible  tones 
between  20  and  30  kHz/sec.  and  audible  sounds  containing  overtones 
of  up  to  80  kHz/sec.  In  RILEY fs  and  ROSENZWEIG's  (36)  experiments 
enucleated  rats  had  learned  in  84,3  %   of  the  trials  to  avoid 
from  a  certain  distance  a  pathway  closed  by  a  metal  sheet  barrier 
and  to  use  the  open  one  instead.  When  the  barrier  was  put  at  45° 
they  scored  only  5470  correct.  The  performance  increased  imme- 
diately when  the  barrier  was  turned  back  to  90°.  The  substitution 
of  cloth  sheets  for  the  metal  barrier  resulted  in  a  decrease 
down  to  51,8  %.  When  the  barrier  was  put  at  an  angle  of  135° 
a  mike  indicated  that  more  echo  returned  from  the  open  pathway, 
and  indeed  the  blind  rats  avoided  the  free  pathway  in  60  %   of 
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20  trials.  When  hearing  was  impaired  by  puncturing  the  eardrums 
the  performance  dropped  sharply  to  55,5  %,  though  this  is  still 
above  chance  level.  In  my  opinion  these  results  do  not  prove 
conclusively  that  rats  use  echolocation,  especially  since  the 
authors  state: 'Vocal  sounds  of  the  rat,  whether  audible  or 
ultrasonic,  are  produced  infrequently  in  the  maze  and  they  do 
not  seem  to  be  related  to  maze  performance1.  The  authors  suggest 
that  rats  use  noise  which  is  produced  unvocally,  but  in  this  case 
we  can  no  longer  speak  of  echoorientation  in  the  proper  sense  of 
the  word.  Furthermore,  we  cannot  exclude  the  possibility  that 
the  blind  rats  used  some  olfactory  signs  or  even  noticed  the 
barrier  by  body  heat  reflection  from  the  metal  sheet.  TSANG  (43) 
found  that  in  an  open  maze  sighted  rats  learned  more  readily  than 
blind  ones,  but  that  in  a  closed  maze  enucleation  had  no  effect. 
This  indicates,  according  to  his  opinion,  that  echolocation  may 
be  involved  in  orientation  in  a  closed  maze.  Anyhow  blind  rats 
performed  worse  than  sighted  ones,  and  since  the  experiments 
carried  out  by  LASHLEY  (24)  we  know  that  rats  in  dim  light  have 
good  vision.  HERMANN  (20)  published  a  paper  on  the  physiology 
of  vision  in  pigmented  rats.  It  took  his  rats  only  1,5  min  to 
adapt  from  daylight  to  0,22  Millilambert.  They  could  easily 
distinguish  between  vertical  and  horizontal  stripes,  and  stripes 
of  an  obliquity  of  60°  and  30°.  Their  optimal  visual  acuity 
measured  20'.  The  upper  flicker  frequency  ranged  from  35-40/sec. 
The  morphological  features  and  the  dioptrical  device  revealed  an 
eye  that  is  adapted  to  night  vision.  The  similarities  between 
that  eye  and  that  of  the  Flying  Fox  are  striking.  GREENHUT  (14) 
showed  that  rats  can  distinguish  a  peg  put  at  a  distance  of  25  cm 
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from  a  peg  placed  at  a  distance  of  32  cm.  Numerous  visual  cliff 
experiments  (4)  with  rats  confirm  the  fact  of  good  visual  depth 
perception.  They  are  also  thought  to  be  macrosmatic,  but  studies 
of  GRUCH  (19)  on  olfactory  thresholds  in  rats  revealed  values  not 

lower  than  in  man.  The  thresholds  for  acetic  acid,  propionate 

12      13  3 

and  valeric  acid  were  in  a  range  of  10   to  10   molecules/cm 

4      5 
air  as  compared  to  thresholds  of  10  to  10  in  the  dog. 

In  shrews  echolocation  is  claimed  to  occur  in  experiments 
made  by  GOULD  (12)  with  Sorex  palustris,  S.  vagrans,  S.  cinereus 
and  Blarina.  Gould  reported  that  shrews  emitted  very  weak  and 
short  ultrasonic  sounds  whenever  they  were  searching  the  rim 
of  a  disc  for  an  escape  platform  which  was  placed  on  a  lower, 
unreachable  level.  With  olfactory  signs  and  light  completely 
excluded  Sorex  successfully  jumped  on  to  a  platform  in  75  %   of 
12  trials  (per  chance  level:  8  %).  Ear-plugged  shrews  however 
refused  to  jump  2  times  in  7  trials.  They  missed  3  times  and 
jumped  successfully  2  times.  This  means  that  28  %  of  the  trials 
were  still  positive,  a  result  significantly  above  chance  level, 
if  chance  level  means  anything  in  a  set  of  a  dozen  of  experiments. 
In  our  laboratory  Grllnwald  (not  yet  published)  repeated  Gould's 
experiments  and  blinded  shrews  jumped  onto  the  lower  platform  as 
successfully  as  hearing  ones. 

Nothing  is  known  about  the  function  of  other  sensory  organs 
in  shrews.  SHARMA  (39)  maintains  that  the  retina  of  S uncus  murinus 
is  not  degenerated.  According  to  his  description  cones  are  missing 
whereas  elements  resembling  rods  can  be  seen.  He  does  not  hesitate 
to  conclude  that  the  sense  of  sight  is  very  poor  in  these  animals. 
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Without  ever  mentioning  the  reasons  for  his  conclusions  CROWCROFT 
(5)  states  that  shrews  are  very  shortsighted.  He  describes  olfac- 
tion as  being  very  poor,  too.  According  to  his  observations  shrews 
find  food  mainly  by  touch,  the  long  fibrissae  fanning  outwards 
and  forwards  from  the  muzzle. 

Recently  GOULD  (13)  described  echolocation  in  tenrecs 
(Hemicentetes  semispinosus,  Echinops  telfairi,  Microgale  dobsoni) 
by  the  same  methods  he  had  used  with  shrews.  Tenrecs  produce  short 
tongue  clicks  of  a  frequency  of  15  -  17  kHz/sec.  The  arguments 
used  in  the  discussion  on  the  shrews  are  valid  for  tenrecs,  too. 
Gould  mentions  that  Centetes  turns  its  head  when  following  the 
approach  of  a  hand,  whereas  with  Hemicentetes  and  Echinops  the 
same  experiments  produced  no  apparent  response.  He  thinks  it 
possible  that  Centetes  uses  a  combination  of  vision  and  echo- 
location.  EIBL-EIBESFELDT  observed  tenrecs  marking  their  way 
by  odorous  secretions.  Olfaction  therefore  certainly  plays  a 
part  in  orientation. 

Some  other  terrestrial  mammals  are  suspected  to  use  echolocation 
Dormice,  mice,  Cynecephalus  (Dermaptera) ,  Erinaceidae,  and  Echidna, 
but  so  far  nothing  has  been  proved  experimentally. 

With  the  exception  of  some  extraordinary  situations,  e.g.  the 
sounding  of  cliffs  or  fissures   I  cannot  see  how  echolocation  can 
be  of  any  advantage  to  mammals  living  close  to  the  surface  such 
as  rats,  shrews  and  tenrecs.  In  the  natural  habitat  of  these 
animals  grass,  shrubs  and  so  on  are  always  near  and  often  within 
reach  of  the  vibrissae  and  of  the  sensitive  snout.  So  the  sense 
of  touch  and  also  olfaction  certainly  are  important  sensory  inputs 
for  environmental  orientation. 
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1)  Substitional  cooperation.  The  use  of  echolocation  is  reversely 
correlated  to  the  intensity  of  the  light  available.  This  is  the 
case  with  Collocalia  and  Steatornis,  and  to  a  lesser  degree  with 
the  fruit-bat,  Rousettus. 

2)  Simultaneous  interaction.  Here  we  have  to  distinguish  two 
groups : 

a)  Echolocation  is  the  predominant  means  of  orientation,  other 
sensory  organs  having  only  auxiliary  functions.  So  far  only 
the  Microchiroptera  can  be  put  into  this  group. 

b)  Echolocation  is  not  predominant,  and  may  be  used  under 
special  circumstances  only.  Shrews,  tenrecs  and  possibly 
rats  may  belong  in  this  group. 

Because  of  a  certain  lack  of  experimental  evidence  this  review 
contains  many  speculative  statements.  If  we  are  to  reveal  not  only 
the  mechanism  of  echolocation,  but  also  the  interacting  processes 
of  the  strikingly  successful  orientation  of  nocturnal  vertebrates, 
we  will  have  to  stop  looking  only  at  the  sense  organs.  Instead, 
we  ought  to  begin  with  investigations  into  the  processing  mechanisms 
of  sensory  data  in  neuronal  centers  where  the  true  problems  of 
orientation  start. 
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PERCEPTION  AND  DETERMINANTS 

OF  UNDERWATER  VOCALIZATION 

IN  THE  CALIFORNIA  SEA  LION 

by 
R.J.  SCHUSTERMANN 


I.   Introduction 

The  California  sea  lion  (Zalophus  calif ornianus)  is  the  best  known 
of  all  the  sea  lions,  appearing  as  the  trained  "seal"  in  most  zoos 
and  circuses  all  over  the  world.   It  is  a  carnivore  and  belongs  to 
the  Family  Otariidae  of  the  Suborder  Pinnipedia  (55).  These  marine 
mammals  are  characterized  by  having  an  external  ear  or  pinna  and  a 
hind-flipper  which  can  be  turned  forward  for  either  standing  or  for 
purposes  of  quadrapedal  locomotion  (34).  The  fore-flippers  are  large 
and  are  the  primary  means  of  propulsion  in  swimming  (15). 

The  first  systematic  account  of  all  the  pinnipeds  to  be  published 
within  the  past  50  years  is  the  book  by  Scheffer  (55)  entitled  Seals, 
Sea  Lions  and  Walruses.  The  author,  who  cites  some  500  references, 
shows  clearly  that  we  know  a  good  deal  about  the  morphology,  ecology 
and  distribution  of  these  animals  and  something  of  the  physiology  of 
certain  selected  species.   In  addition,  due  primarily  to  the  efforts 
of  Bartholomew  and  his  associates  (6,7,8),  we  know  something  of  the 
social  behavior  of  the  northern  fur  seal  and  the  northern  elephant 
seal  during  the  breeding  season.   Yet,  in  spite  of  this,  our  informa- 
tion about  the  sensory  and  behavioral  capacities  of  seals  and  sea 
lions  is  extremely  meager.   Thus  pinnipeds  in  general,  and  specifically 
the  California  sea  lion,  have  been  a  neglected  group  of  animals  in  the 
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area  of  comparative  animal  behavior  and  should  be  studied  more  assiduously, 
both  in  their  own  right  and  especially  if  we  are  to  place  the  behavioral 
capabilities  of  other  marine  mammals,  such  as  the  whales  and  porpoises, 
in  proper  perspective. 

In  view  of  recent  research  activity  and  discussion  on  the  sonar  or 
echolocation  capabilities  of  the  bottlenose  porpoise,  Tursiops  truncatus, 
(32,47,48)  its  vocal  and  communicative  abilities  (2,16,38,39),  and  its 
visual  and  auditory  perceptual  abilities  (30,32,56),  it  behooves  the 
student  of  animal  behavior  to  run  parallel  studies  on  other  marine  mammals 
(e.g.,  seals  and  sea  lions)  having  grossly  different  sensory  and  brain 
structures  from  those  of  porpoises.  A  start  in  this  direction  has  been 
made  by  the  author  and  forms  the  substance  of  this  paper. 

Since  it  has  been  firmly  established  that  the  bottlenose  porpoise 
possesses  an  extremely  efficient  biological  sonar  system,  it  is  reason- 
able to  suspect  that  other  marine  animals  may  also  be  so  endowed.   As 
Schevill,  Watkins  and  Ray  (57)  have  pointed  out,  although  little  is 
known  about  the  sea  lion's  olfaction,  audition  and  vision,  what  is  known 
about  their  ecology  suggests  at  least  an  expert  passive  use  of  sonar 
(listening),  if  not  an  active  use  of  sonar  (echolocation)  for  purposes 
of  navigation  and  finding  food. 

II.   The  Present  Approach 
A.  The  Problem 

The  initial  impetus  for  these  studies  was  Poulter's  report  (50,51) 
that  the  emission  of  "sonar"  clicks  by  Zalophus  enabled  it  in  total  dark- 
ness not  only  to  detect  pieces  of  dead  fish  but  also  to  discriminate 
between  a  piece  of  fish  and  a  piece  of  horsemeat  of  approximately  the 
same  size.   However,  as  our  initial  exploratory  studies  were  undertaken, 
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it  was  soon  apparent  that  if  Zalophus  had  a  sophisticated  sonar  system, 
its  properties  and  functioning  were  much  more  elusive  of  demonstration 
than  had  originally  been  suggested  by  Poulter.   Initial  observations 
indicated  that  the  California  sea  lion  was  primarily  a  visual  animal. 
Furthermore,  in  contrast  to  the  Atlantic  bottlenose  dolphin  (32,48), 
the  "sonar"  pulses  which  were  initially  elicited  from  our  young  captive 
sea  lions  were  indeed  scanty.   Thus,  it  was  reasoned  that  the  operation 
of  Zalophus T  sonar  system,  if  indeed  one  exists,  ran  more  along  the  lines 
of  the  oil  bird,  Steatornis  caripusis  (25),  or  possibly  the  fruit-eating 
bat,  Rousettus  (26).   These  animals  orient  themselves  visually  when 
light  is  present,  but  depend  on  easily  audible  clicks  in  the  absence 
of  visual  cues.   The  most  logical  approach,  therefore,  was  to  find  out 
something  about  Zalophus '  sensory  abilities  and  to  determine  under  what 
conditions  "sonar"  clicks  could  be  elicited. 

Since  there  was  virtually  no  information  in  the  literature  regard- 
ing the  sensory  capacities  of  Zalophus ,  preliminary  studies  of  their 
visual  and  auditory  perceptual  capabilities  were  of  primary  concern. 
Concurrent  with  these  studies  a  major  effort  involved  the  development 
or  search  for  a  model  or  concept  which  would  facilitate  understanding 
the  causes  of  Zalophus  *  production  of  underwater  clicking  vocalizations 
as  a  general  phenomenon,  rather  than  as  the  first  stage  of  a  highly 
efficient  biological  sonar  system.   The  most  widely  applicable  approach 
was  to  view  clicking  as  part  of  a  single  system  of  vocalization  or 
calling.   Furthermore,  such  vocalizations  were  considered  as  one  compon- 
ent of  the  "orientation  reflex"  or  "alerting  responses"  in  general  which 
may  be  evoked  by  a  complex  of  stimuli  relevant  to  such  states  of  high 
muscle  tonus  and  autonomic  activity  (3,4,5,9,66).  This  approach  was 
modeled  after  that  of  Andrew  who  has  developed  the  concept  of  "stimulus 
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contrast"  to  account  for  the  vocalizations  of  chicks  and  nonhuman 
primates.  According  to  Andrew,  "calls  appear  to  be  elicited  by  any 
stimulus  that  by  its  inherent  properties  or  by  valency  given  by  con- 
ditioning is  capable  of  arousing  intense  or  prolonged  attention.   Such 
stimuli  are  said  to  possess  'contrast'.  The  more  intense  the  contrast, 
the  more  intense  is  the  resulting  call."   (3,  p. 315). 

B.  Methodology 

All  experiments  except  those  dealing  with  underwater  hearing  were 
conducted  in  an  oval  tank,  constructed  of  redwood  and  measuring  4.6  m 
by  9.1  m  and  1.8  m  deep.   The  interior  of  the  tank  was  painted  white; 
during  testing  it  was  filled  with  82  kl  of  fresh  water,  and  animals 
could  be  observed  and  photographed  by  means  of  six  windows  spaced  around 
the  perimeter  of  the  tank. 

Generally,  two  types  of  procedures  were  used.  The  first  was  a 
discrete-trial  procedure  in  which  various  kinds  of  stimulus  targets 
in  a  fixed  position  were  submerged  from  the  testing  platform  shown 
in  Fig.  1.  The  experimenter  (E)  worked  from  behind  an  opaque  screen 
which  was  set  out  15  cm  from  the  dock  area  and  extended  down  to  the 
water  line  (see  Fig.  1).  Unless  otherwise  indicated,  two  targets  were 
presented  simultaneously  so  that  they  projected  below  the  opaque  screen 
and  were  at  least  38  cm  below  water  level.  At  the  beginning  of  a  trial, 
a  stimulus  panel  located  behind  the  opaque  screen  was  lowered  to  the 
water  level.  Attached  to  the  side  of  the  stimulus  panel  facing  the  E 
were  two  rods,  1.1  m  in  length  and  0.64  cm  in  diameter.   The  targets 
were  attached  to  the  lower  portion  of  each  rod  by  means  of  set  screws. 
Deflection  of  either  rod  activated  a  microswitch  which  produced  an 
audible  click  as  well  as  a  light  signal  behind  the  stimulus  panel.   A 
perpendicular  divider  of  mesh  wire  projected  down  to  the  floor  of  the  tank 
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and  1.2  m  outward  from  the  opaque  screen,  thus  lying  between  the 
targets  and  preventing  the  animals  from  moving  laterally  from  one 
target  to  the  other.   The  distance  between  the  centers  of  any  two  tar- 
gets was  57  cm.  A  schematic  diagram  of  the  testing  situation  is 
shown  in  Fig.  2. 

During  testing,  the  sea  lion's  task  was  to  push  one  of  two  targets 
in  order  to  obtain  a  small  piece  of  herring  (Clupea  pallasi)  weighing 
approximately  5  gm.   The  E  immediately  reinforced  a  correct  response 
by  dropping  a  piece  of  herring  through  a  16  cm  gap  situated  between 
the  opaque  screen  and  the  testing  platform.   The  stimulus  display  was 
immediately  withdrawn  following  either  a  correct  or  an  incorrect  res- 
ponse.  The  position  of  the  target  was  an  irrelevant  cue,  i.e.,  it  was 
randomly  determined,  throughout  all  the  experiments  to  be  described. 
In  addition  to  errors  or  correct  responses,  the  principal  behavioral 
measure  under  this  procedure  was  the  presence  or  absence  of  a  train  of 
clicks  on  any  given  trial.  A  trial  began  when  the  stimulus  display  was 
submerged  and  terminated  when  it  was  withdrawn  from  the  water. 

The  second  procedure  may  be  called  a  free-swimming  procedure. 
Typically,  an  animal  was  introduced  into  the  tank  and  two  Es  made  obser- 
vations from  the  testing  platform  by  means  of  a  time-sampling  technique. 
This  procedure  enabled  E  to  obtain  a  minute- by-minute  quantitative  record 
of  each  sea  lion's  specific  behavior  patterns  including  underwater  vocal- 
izations.  The  details  of  this  technique  are  outlined  in  Section  VI,  E. 

Throughout  the  entire  research  effort,  underwater  vocalizations 
were  continuously  monitored  by  a  Channel  Industries  275  hydrophone 
(20  Hz  to  150  kHz)  and  an  Ampex  2044  amplifier- speaker  system  (65  Hz 
to  13  kHz) .   Vocal  signals  were  periodically  recorded  on  a  Uher  4000-S 
tape  recorder  at  20  cm/sec. (40  Hz  to  20  kHz)  and  were  analyzed  by  a 
Kay  661  audio  spectrum  analyzer  or  sonograph. 
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III.   Underwater  Sound  Production 
Although  it  has  long  been  known  that  cetaceans,  especially  the 
porpoises,  are  capable  of  producing  different  kinds  of  underwater  sounds 
(32),  observations  of  the  sea  lion's  underwater  sound  production  has  only 
recently  come  to  light  (50).   The  California  sea  lion,  thus  far,  has 
been  especially  implicated  in  the  emission  of  two  types  of  underwater 
sounds — clicks  or  short-duration  sound  pulses  and  barks  (57).   In  con- 
trast, the  bottlenose  porpoise  has  been  reported  to  produce  a  wide 
variety  of  sounds  which  have  been  generally  categorized  as  clicks, 
whistles  or  squeals,  barks  (20)  and  "cracks"  (14).   Although  the  clicks 
have  been  primarily  implicated  as  the  sonar  signal  of  the  porpoise, 
there  is  good  evidence  indicating  that  a  variety  of  whistles  have  emotional 
and  communicative  significance.   Some  whistle  contours  and  the  cracking 
sounds  have  been  shown  to  be  associated  with  distress  or  fright  reactions 
(14,40). 

On  the  other  hand,  underwater  clicks  by  Zalophus  have  been  reported 
to  occur  usually  when  an  animal  was  in  the  final  stages  of  searching 
for  food  (50,57)  or  for  an  object  signalling  food  (19,59).   Most  of  these 
tests  have  limited  the  range  of  behavior  to  those  involved  in  feeding 
activities.   In  order  to  determine  whether  Zalophus  is  capable  of  emitting 
a  greater  variety  of  underwater  signals  and  calls  than  previously  reported, 
several  sea  lions  were  monitored  while  swimming  freely  under  a  number  of 
stimulus  conditions,  including  novel  or  strange  objects  and  social  inter- 
actions (see  Section  VI,  E  for  a  more  detailed  account  of  the  stimulus 
situations) . 

Sonograms  of  the  evoked  signals  were  made,  using  the  Kay  sonograph. 
This  technique  provides  a  graph  of  frequency  against  time,  with  the 
intensity  of  each  frequency-band  shown  by  the  darkness  or  density  of  the 
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3.  Sonograms  sampling  a  continuous  series  of  clicks  emitted  by 
3-yr-old  female  California  sea  lion  (Bibi)  while  apparently 
searching  for  live  fish  in  very  turbid  water  (narrow  band). 
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4.  Sonograms  of  clicks  emitted  by  a  3-yr-old  female  Calif orniE 
sea  lion  (Cathy)  while  play-fighting  with  another  sea  lion 
(narrow  band). 
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paper  markings.   Either  of  two  analyzing  bandpass  filters  (narrow  or 
wide)  may  be  used  with  the  Kay  sonograph.   The  wide-band  filter  has  an 
effective  bandwidth  of  300  cycles,  and  the  narrow-band  filter  has  an 
effective  bandwidth  of  45  cycles.   The  analysis  used  is  indicated  on 
each  of  the  sonograms  presented.   The  use  of  this  method  for  the  analy- 
sis of  biological  sounds  has  been  described  by  Borror  (12). 

Clicks.   From  our  analysis,  and  as  is  apparent  from  a  careful 
inspection  of  the  sonograms  illustrated  in  this  section,  Zalophus  pro- 
duces almost  an  infinite  variety  of  click  patterns.   Although  most  of 
the  click  trains  have  a  duration  of  2  sec.  or  less,  many  trains  last  as 
long  as  23  sec.  with  pauses  of  less  than  0.5  sec.  A  few  clicks  are  merely 
very  narrow  columns  of  "noise",  i.e.,  without  harmonic  structure  (e.g., 
sonograms  b  and  c  shown  in  Fig.  3).   Most,  however  (e.g.,  Fig.  4),  are 
composed  of  a  fundamental  and  at  least  one  harmonic.   In  the  sonograms 
shown  the  dominant  frequencies  range  from  below  500  Hz  to  as  high  as 
1200  Hz  with  components  only  slightly  above  4  kHz.   The  click  repetition 
rate  may  vary  from  less  than  5/sec.  to  70  or  80/sec,  all  within  a  given 
click  train  (separation  between  clicks  of  0.5  sec.  or  less).   Figure  3 
presents  a  particularly  interesting  series  of  clicks.   The  sonograms  show 
a  sample  of  7.2  sec.  of  a  continuous  series  of  clicks  lasting  approximately 
22  sec.   The  sea  lion  (Bibi)  produced  this  series  while  apparently  search- 
ing for  live  mudsuckers  (Gillicthys  mirabilis)  under  extremely  poor 
visibility  conditions  (see  Section  VII,  B) .   The  figure  shows  the  beginning 
of  the  click  series  (a)   which  had  some  very  low  frequency  components  with 
a  repetition  rate  of  about  50  clicks/sec.   During  the  middle  of  the  series, 
there  was  a  short  pause  (b)  followed  by  two  high  energy  "cracks"  or  "bangs". 
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5.    Sonogram  of  clicks  emitted  by  a  4-yr-old  male  California  sea 

lion  (Growler)  while  swimming  freely  in  clear  water  (narrow  band) 
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Sonogram  of  clicks  produced  by  a  3-yr-old  male  California  sea 
lion  (Sam)  while  swimming  in  the  presence  of  a  mirror  stimulus 
(see  Section  VI,  E  of  text)  (narrow  band). 
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Subsequently  another  short  pause  occurred  and  clicking  resumed  with  the 
dominant  frequency  at  1250  Hz  (c)  and  a  pulse  rate  as  low  as  10/sec. 
Although  all  the  initial  clicks  covered  a  frequency  spectrum  of  about 
4  kHz,  some  clicks  toward  the  end  of  the  series  showed  rather  systematic 
changes  in  frequency  ranges  (shown  in  c) ;  some  had  a  frequency  range  of 
less  than  1500  Hz. 

Figure  4  is  a  sonogram  of  clicks  produced  by  one  sea  lion  while 
play-fighting  with  another  sea  lion.   When  the  tape  which  produced  this 
sonogram  was  replayed,  I  noted  that  a  popping  sound  seemed  to  be  super- 
imposed on  the  clicks.   This  is  indicated  on  the  graph,  I  believe,  by 
the  great  variation  in  the  frequency  pattern.   Such  a  sound  pattern  is 
highly  distinctive  and  has  been  produced  by  only  one  of  the  animals 
(Cathy).   Figures  5  and  6  present  underwater  clicks  emitted  by  two  male 
Zalophus  and  are  indicative  of  two  other  types  of  click  patterns. 

It  is  important  to  note  that  clicking  sounds  were  never  emitted 
at  fairly  regular  intervals  by  any  of  the  animals  under  any  of  the  free- 
swimming  conditions.   This  is  in  marked  contrast  to  the  bottlenose  dolphin, 
which  is  reported  to  emit  "exploratory"  pings  every  15  to  20  sec.  (32). 
Such  periodic  signal  emission  has  been  suggested  as  the  sonar  equivalent 
to  "glancing"  in  the  field  of  vision  (32). 

Barks.   This  form  of  underwater  vocalization  has  most  of  its  energy 
below  3500  Hz,  although  some  energy  may  be  found  at  frequencies  as  high 
as  8  kHz.   There  is  little  variation  in  the  duration  of  any  given  bark — 
they  generally  last  from  200  to  300  ms.   Barks  are  sometimes  preceded 
by  a  series  of  clicks,  as  shown  in  Fig.  7.   The  sounds  shown  in  this 
figure  were  produced  by  a  two-year-old  male  Zalophus  while  it  was  flee- 
ing from  the  E  who  was  attempting  to  drive  the  animal  out  of  the  testing 
tank.   During  E's  initial  attempts,  the  animal  swam  rather  rapidly 
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7.    Sonograms  of  clicks  and  barks  produced  by  a  1.5-yr-old  male 
(Tommy)  while  fleeing  from  the  experimenter  (wide  band). 
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Sonogram  of  Bibi's  "whinny"  vocalization  produced  during  an 
aggressive  encounter  with  another  California  sea  lion  (see  Section 
VI,  E  of  text)  (narrow  band). 
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while  producing  long  trains  of  clicks.   As  the  action  became  more 
intense,  the  clicks  shifted  into  a  series  of  barks.   The  shifting 
from  clicking  to  barking  under  these  circumstances  suggests  that 
the  two  types  of  calls  form  a  single  system  of  vocalization  which 
changes  as  a  function  of  the  level  of  arousal,  with  barking  indicative 
of  a  higher  level  of  arousal  than  clicking. 

"Whinny" .   A  sonogram  of  this  vocalization  is  shown  in  Fig.  8. 
It  was  frequently  produced  by  a  3.5-year-old  female  Zalophus  (Bibi) 
during  an  aggressive  encounter.   For  lack  of  a  better  term,  we  have 
called  it  the  "whinny"  sound  since  it  sounds  a  little  like  a  horse 
neighing.   This  vocalization  is  often  preceded  by  clicks  or  a  growl 
sound.   The  whinny  typically  lasts  for  about  1.5  sec. and  may  be 
repeated  three  or  four  times  in  succession.   The  sonogram  indicates 
a  fundamental  at  500  Hz  with  harmonics  to  3  kHz.   The  marking  on  the 
extreme  right  of  the  graph  is  a  water  noise.   This  whinny  sound  may 
be  the  female  counterpart  of  a  male  bark.   However,  contrary  to 
another  report  (11),  I  have  heard  females  bark  both  in  air  and 
submerged. 

"Buzzing".   A  characteristic  "buzz"  sound  from  a  sea  lion  in  a 
social  situation  is  depicted  in  Fig.  9.   This  vocalization  may  actually 
be  a  series  of  discrete  sound  pulses  which  occur  so  rapidly  that  they 
take  on  a  buzzing  quality. 

"Bang"  or  "crack".   This  sound  has  thus  far  been  produced  by  two 
of  our  California  sea  lions  (Bibi  and  Sam).   The  sound  was  first  heard 
when  Bibi  was  confronted  with  its  mirror  image  and  was  repeated  several 
times  over  a  period  of  days,  usually  under  the  same  circumstances. 
Figure  10  shows  a  pair  of  these  high-energy  "bang"  sounds.   The  sound, 
which  has  always  been  associated  with  very  rapid  swimming,  appears 
quite  loud  and  mechanical  to  the  human  ear,  and,  as  the  sonogram  shows, 
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it  is  a  broad-band  pulse  with  a  rapid  onset.   Apparently,  from  the 
description  of  Caldwell,  Haugen  and  Caldwell  (14),  Zalophus '  "bang" 
sound  is  very  similar  to  high-energy  "crack"  sounds  produced  by 
Tursiops  truncatus  under  conditions  of  fright.   We  have  recently 
heard  similar  sounds  produced  by  the  Steller  sea  lion  (Eumetopias 
jubatus)  while  performing  on  an  underwater  visual  discrimination  task. 
It  is  not  clear  how  the  "bang"  sound  of  Zalophus  is  produced,  i.e., 
whether  it  is  made  by  the  sea  lion's  vocal  apparatus,  by  jaw-clapping, 
or  by  some  other  mechanism  such  as  the  front  flippers  causing  an 
underwater  cavitation  as  they  are  thrust  together  and  then  parted 
during  initiation  of  a  very  rapid  swim. 

Sound  production  mechanism.   Careful  observations  of  Zalophus 
while  it  was  in  the  act  of  emitting  underwater  clicks  have  indicated 
some  movement  in  the  area  of  the  throat  or  larynx;  such  movement 
appeared  less  pronounced  when  the  animal  was  silent.   These  preliminary 
observations  implicating  the  laryngeal  area  as  the  underwater  sound- 
producing  site  of  Zalophus  have  been  supported  by  experimental  evidence 
(T.  C.  Poulter,  personal  communication).   Using  a  triangulation  tech- 
nique, Poulter  found  that  the  site  of  underwater  barking  was  the  vocal 
cords  on  the  anterior  portion  of  the  larynx  and  that  the  apparent  point 
of  origin  of  underwater  clicks  was  posterior  to  the  vocal  cords. 

All  of  the  underwater  vocalizations  that  have  been  described  can 
apparently  be  produced  with  the  mouth  and  nostrils  closed  and  therefore 
without  the  emission  of  bubbles,  or  with  the  mouth  and  nostrils  partially 
opened  and  with  the  emission  of  bubbles.   Moreover,  clicks  may  be  produced 
in  air  with  the  mouth  closed  or  with  the  mouth  wide  open.   Barking  sounds 
seem  to  show  the  same  basic  frequency- intensity  structure  in  air  and  under 
water.   However,  clicking  in  air  is  usually  less  intense  and  much  less 
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frequent  than  under  water.   Although  no  systematic  attempt  has  yet 
been  made  to  measure  the  intensity  of  Zalophus'  underwater  clicks, 
there  has  been  no  difficulty  in  monitoring  these  sounds  even  when 
the  background  noise  was  considerable  and  the  animal  was  as  far 
as  5  to  6  m  from  the  hydrophone.   This  contrasts  with  the  findings 
of  Schevill,  et.al.  (57)  who  state  that  the  underwater  sounds  of 
Zalophus  were  so  faint  they  could  not  be  detected  unless  the  animal 
was  within  3  m  of  the  transducer. 

Although  there  are  certain  similarities  between  the  sonar  signals 
of  the  porpoise  (Tursiops  truncatus)  and  the  clicks  of  Zalophus 
calif ornianus,  there  are  also  great  differences.   Whereas  the  clicks 
of  the  porpoise  are  very  narrow  columns  of  noise  having  their  greatest 
energy  up  to  30  kHz  with  smaller  energy  fractions  to  170  kHz  (32,47), 
those  sampled  from  Zalophus  thus  far  often  contain  a  harmonic  structure 
having  their  greatest  energy  at  500  Hz  to  4  kHz  with  possibly  smaller 
energy  fractions  at  higher  frequencies.   Furthermore,  regarding  the 
porpoise,  Norris  reports  that  "during  fine  discriminations  where  sight 
is  impossible,  the  environment  is  literally  saturated  with  tiny  plosive 
clicks,  up  to  500-600  per  second."  (47,  p. 320).   Such  rapid  pulsing  has 
not  been  consistently  produced  by  Zalophus. 

Since  a  higher  vibration  rate  or  sound  frequency  results  in  a 
shorter  wavelength  between  a  single  compression  and  rarefaction  and 
therefore  a  more  precise  resolution  from  a  reflected  echo,  the  porpoise 
is  theoretically  capable  of  much  finer  detections  and  discriminations 
by  means  of  active  sonar  than  is  Zalophus.   In  fact,  by  this  reasoning, 
on  the  basis  of  the  sonograms  presented  here,  Zalophus  would  be  limited 
to  the  detection  of  objects  at  least  30  to  60  cm  in  diameter. 
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IV.   Underwater  Sound  Perception 

Both  Scheffer  (55)  and  King  (34)  indicate  that  there  is  no 
information  of  an  experimental  nature  regarding  the  underwater  or 
in-air  hearing  of  Zalophus,  or  for  that  matter  of  any  pinnipeds. 
There  has  even  been  some  suggestion  that  their  underwater  hearing 
is  "somewhat  feeble"  (11).   However,  the  general  belief  of  most 
investigators  working  with  pinnipeds  has  been  that,  as  in  cetaceans, 
hearing  is  a  very  important  sensory  avenue  in  seals  and  sea  lions. 
Our  own  general  impressions  tend  to  support  this  view.   On  several 
occasions,  brief  sounds  have  inadvertently  been  introduced  into  a 
testing  tank  with  a  submerged  California  sea  lion  or  harbor  seal, 
invariably  resulting  in  the  animal's  orientation  to  the  sound  source. 

In  contrast  to  the  very  high-frequency  hearing  of  the  Atlantic 
bottlenose  porpoise — shown  to  range  between  75  Hz  to  150  kHz  with 
peak  sensitivity  at  50  kHz  (30) — preliminary  work  at  our  laboratory 
and  by  William  E.  Evans  (personal  communication)  indicates  that  the 
upper  frequency  range  of  underwater  hearing  of  Zalophus  is  consider- 
ably lower  and  lies  somewhere  between  40  and  50  kHz. 

Recent  investigations  (21,53)  on  the  anatomy  and  physiology  of 
the  cetacean  acoustic  mechanisms  indicate  that  they  are  superbly 
adapted  for  purposes  of  underwater  hearing  with  respect  to  both  spectral 
or  frequency  analysis  and  auditory  space-perception.   A  comparable 
anatomical  analysis  has  yet  to  be  worked  out  for  the  pinniped  auditory 
mechanisms.   On  the  other  hand,  behavioral  tests  of  sea  lion's  under- 
water directional  hearing,  or  auditory  spatial  perception,  similar  to 
those  conducted  by  Dudok  van  Heel  (17)  with  the  porpoise,  Phocaena 
phocaena  have  been  conducted  at  our  laboratory  by  Roger  Gentry  (23). 
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9.    Sonogram  of  a  "buzzing"  sound  emitted  by  Cathy  while  swimming 
with  another  California  sea  lion  (narrow  band). 
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10.   Sonogram  of  two  "bang"  sounds  produced  by  a  3-yr-old  California 

sea  lion  (Bibi)  while  orienting  to  a  submerged  mirror  (narrow  band) 
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11.   Schematic  diagram  of  the  tank  used  to  test  hearing;  shows  locations 

of  the  sound  tranducers  in  regard  to  position  of  the  sea  lion's  head. 
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.  These  tests  were  carried  out  in  a  tank  approximately  4.3  m  X  3.1  m 
and  1.5  m  deep,  made  partially  anechoic  by  the  placement  of  15-cm-long 
wooden  wedges  along  the  walls  and  floor.   At  one  end  of  the  tank,  two 

barium  titanate  transducers  were  suspended  60  cm  into  the  water  from  a 

o 
curved  metal  rod  atop  the  tank.   The  rod  was  marked  at  5   intervals 

o  o 

from  40  left  to  40  right  azimuth.   The  median  plane  of  the  sea  lion's 

o 
head  corresponded  to  a  perpendicular  dropped  from  0  azimuth.   These 

markings  refer  to  the  auditory  angle  defined  as  the  angle  subtended  by 
either  of  the  transducers  from  the  center  of  the  sea  lion's  head,  which 
was  maintained  at  a  fixed  position  (see  Fig.  11).   The  transducers  were 
attached  through  a  two-place  selector  switch  to  a  Macintosh  75-watt 
amplifier  and  an  HD  Model  200  cd  wide-band  oscillator.   A  rheostat  placed 
between  oscillator  and  amplifier  acted  as  off-on  switch  and  loudness 
control  for  the  transducers.   To  give  tones  of  standard  loudness,  an 
Eico  Model  460  oscilloscope  was  attached  to  a  hydrophone  hung  in  the 
position  where  the  animal's  ears  would  be  at  the  outset  of  each  tone 
presentation.  A  rheostat  setting  was  then  selected  for  each  frequency 
and  transducer  which  would  give  a  wave  of  standard  amplitude  on  the 
oscilloscope.   This  was  done  before  each  test  session.   The  sound  level 
was  +  1  dB  (reference  2  x  10~4  dynes/cm2).   To  initiate  a  tone,  E 
selected  a  transducer  and  then  turned  the  rheostat  quickly  to  the 
selected  setting  and  back  to  zero.   Of  90  measured  tones  produced  by 
this  method,  81%  had  durations  between  0.3  and  0.4  sec. 

The  subject  (Growler),  a  4-year-old  male  Zalophus,  was  trained  to 
lie  in  a  fixed  position  on  the  bottom  of  the  tank  1.8  m  from  the  trans- 
ducers with  its  head  on  a  wooden  block  (see  Fig.  12).   The  two-choice 
discrimination  method  was  used,  and  the  animal  was  trained  to  respond 
to  a  tone  from  one  of  two  transducers  by  swimming  to  and  nose-pressing 
the  manipulandum  (a  round  metal  target)  spatially  contiguous  with  the 
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transducer.   A  correct  response  consisted  of  pressing  the  manipulandum 
associated  with  the  activated  transducer.   Each  such  response  was 
reinforced  with  a  small  piece  of  herring.   Errors  were  never  reinforced 
and  a  trial  terminated  with  a  target  press.   Activation  of  the  right  or 
left  transducer  was  randomly  determined. 

As  a  preliminary  step,  the  psychophysical  method  of  limits  was  used 
in  order  to  obtain  a  range  of  auditory  angle  settings  with  a  constant 
tone  of  6  kHz.   Following  this,  formal  tests  were  made  by  the  psycho- 
physical method  of  constants  with  tones  of  6  kHz  and  3.5  kHz.   On  the 

basis  of  the  preliminary  results,  eight  auditory  angle  settings  were 

o     o  o 

selected,  ranging  from  40  to  5   in  intervals  of  5  .   Six  such  settings 

were  presented  for  15  consecutive  trials  at  each  test  session  until  a 

total  of  105  trials  had  been  presented  at  each  of  the  eight  auditory 

angles.   Randomized  sequences  of  settings  were  given  from  session  to 

session.   The  results  of  this  experiment  are  depicted  in  Fig.  13,  which 

shows  correct  responses  as  a  function  of  auditory  angle  with  frequency  as 

a  parameter.   The  results  indicate  that  the  California  sea  lion  can 

reliably  locate  an  underwater  sound  source  at  a  minimum  auditory  angle  of 

o  o 

10  when  a  6  kHz  tone  is  used,  and  at  15  when  a  3.5  kHz  tone  is  used. 

In  order  to  test  hearing  directionality  over  a  wider  frequency 
spectrum  range,  a  second  experiment  was  conducted  in  which  the  auditory 
angle  remained  at  a  constant  25  and  the  frequency  varied  from  1.5  kHz 
to  6.5  kHz  in  increments  of  1  kHz.   Again  the  psychophysical  method  of 
constants  was  used  with  six  frequency  settings  presented  for  15  consecutive 
trials  at  each  test  session  until  a  total  of  105  trials  had  been  presented 

at  each  frequency.   The  results,  illustrated  in  Fig.  14,  show  that  at  a  con- 

o 
stant  auditory  angle  of  25  ,  performance  of  the  California  sea  lion 

improved  as  a  direct  function  of  increasing  frequencies  up  to  6.5  kHz. 
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13.   Performance  on  an  underwater  audio-direction  task  as  a  function 
of  auditory  angle  and  sound  frequency. 
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Performance  on  an  underwater  audio-direction  task  as  a  function 
of  sound  frequency. 
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The  data  points  at  1.5  kHz  and  2.5  kHz  do  not  differ  significantly 

o 

from  chance.  Apparently,  even  at  an  angle  as  wide  as  25  ,  Zalophus 

cannot  locate  a  sound  at  frequencies  much  below  3.5  kHz.   The  reason 
for  this  is  not  as  yet  clear,  and  obviously  more  data  are  needed.   It 
may,  however,  be  a  function  of  a  decreased  sensitivity  of  Zalophus  to 
low- frequency  sounds  or  an  unfavorable  signal  to  noise  ratio  at  the 
low  end  of  the  spectrum.   Interestingly,  Dudok  van  Heel  (17)  also 
found  that  the  porpoise,  Phocaena  phocaena,  was  not  proficient  at  local- 
izing a  2  kHz  tone. 

The  present  data  indicate  that,  under  water,  Zalophus  and  Phocaena 
have  nearly  the  same  degree  of  acuity  of  audio-direction  at  similar 

frequencies.  At  6  kHz,  the  minimum  auditory  angle  for  the  porpoise  was 

o  o 

8  and  for  Zalophus  it  was  10  .   At  3.5  kHz,  the  minimum  angle  increased 

o  o 

for  both  species — 12  for  the  porpoise  and  15   for  Zalophus.   It  may  be 

concluded  that  the  California  sea  lion  is  as  capable  as  Phocaena  in  locat- 
ing the  direction  of  underwater  sound. 

It  should  be  noted  that  subsequent  to  the  undertaking  of  these 
directional  hearing  experiments  with  Zalophus ,  we  became  aware  of  M^hl's 

(43)  recent  findings  showing  that  under  water  the  harbor  seal  (Phoca 

o 
vitulina)  can  reliably  locate  the  direction  of  a  2  kHz  tone  at  3.1 

azimuth  from  the  median  plane. 

V.   Underwater  Visual  Perception 

Anatomical  evidence  suggests  that  pinnipeds  have  compensated  for 
the  loss  of  the  refractive  power  of  the  cornea  under  water  by  having  a 
large  spherical  lens  which  produces  enough  accommodation  to  form  a 
reasonably  well-defined  image  on  the  retina  (70).   Recent  behavioral 
data  on  the  underwater  size  discrimination  ability  of  two  California 
sea  lions  have  confirmed  this  anatomical  evidence  (62).   Differential 
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15.   Performance  curves  of  two  sea  lions  on  a  size-discrimination  task. 


16.   A  California  sea  lion  (a)  indicating  its  choice  on  a  pattern 

discrimination  task,  and  (b)  swimming  toward  a  new  stimulus  pattern 
display.   Note  the  relatively  low  position  of  the  animal. 
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size-thresholds  were  obtained  by  the  psychophysical  method  of  constant 
stimuli.   The  two  sea  lions  (Bibi  and  Cathy)  were  always  required  to 
respond  to  the  smaller  of  two  triangular  or  circular  targets,  and  were 
forced  to  make  a  decision  at  least  1.2  m  prior  to  giving  an  indicator 
response.   Results  of  this  experiment  are  presented  in  Rig.  15,  which 
shows  that  as  the  magnitude  of  the  size-difference  ratios  increased, 
there  was  a  corresponding  increase  in  correct  responses.   The  figure 
also  reveals  that  both  animals  were  capable  of  discriminating  a  size- 
difference  ratio  as  small  as  1.06:1.   Additional  data  with  the  Steller 
sea  lion  and  the  harbor  seal  indicate  that  these  two  species  of  pinnipeds 
are  also  capable  of  discriminating  a  size-difference  ratio  of  about 
1.06:1.   If  the  discrimination  of  size-differences  may  be  taken  as  a 
gross  measure  of  visual  acuity,  then  Zalophus  and  other  species  of 
Pinnipedia  may  be  said  to  have  good  underwater  visual  acuity.   Indeed, 
comparison  of  Zalophus '  results  with  those  of  such  "visual"  animals 
as  the  Java  monkey  (35),  and  the  squirrel  monkey  (63)  reveals  little 
difference  in  the  size-discrimination  ability  of  these  divergent 
mammalian  forms. 

In  addition,  preliminary  data  (59)  demonstrating  accurate  discrimin- 
ations by  Zalophus  under  darkened  conditions  (discriminations  which  could 
not  be  made  in  the  same  period  of  time  by  the  human  observer)  combined 
with  the  anatomical  evidence  indicating  the  apparent  nocturnal  adaptations 
of  the  pupil,  retina  and  choroid  of  the  pinniped  eye  (70)  suggest  that 
in  dim  illumination  the  visual  acuity  of  Zalophus  may  be  superior  to  that 
of  man.   Furthermore,  a  recent  study  of  underwater  discrimination  and 
transfer  by  the  California  sea  lion  revealed  remarkably  efficient  dis- 
crimination of  stimulus  figures  differing  only  with  regard  to  shape  (61). 
Most  of  these  discriminations  were  maintained  near  or  at  a  perfect  level 
of  accuracy  even  when  positive,  negative  or  both  shapes  underwent  changes 
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o    o       o 
in  orientation  of  45  ,  90  or  180  .   Moreover,  some  unpublished  experi- 
ments by  the  author  suggest  that  Zalophus  may  be  capable  of  solving  a 
wide  range  of  visual  discrimination  problems  of  the  types  shown  in  fig. 
16  after  only  a  single  information  trial.   In  line  with  Hobson's  (28) 
recent  observations  regarding  the  tendency  of  seals  and  sea  lions  to 
approach  from  below  and  silouette  their  prey  (fish)  against  the  ambient 
surface  light  even  at  night,  all  animals  tested  thus  far  approached 
stimulus  targets  from  a  position  considerably  beneath  the  lower  edge 
of  the  targets  (see  Fig.  16). 

From  data  such  as  these,  it  may  be  expected  that  Zalophus  and  some 
other  pinniped  forms  would  rely  strongly  on  visual  cues  for  the  detection 
and  discrimination  of  underwater  objects.   Further  evidence  supporting 
this  viewpoint  was  obtained  in  an  experiment  dealing  with  the  gross 
orienting  responses  of  Zalophus  (58).   Orienting  responses  were  defined 
as  postural  changes  of  the  head  or  body  occurring  within  approximately 
2  m  of  the  stimulus  display. 

Following  a  demonstration  of  perfect  discrimination  in  clear  water 

2 
between  a  large  black  circular  disk  (736.1  cm  in  area)  and  a  small 

black  circular  disk  (16.1  cm  in  area),  sea  lion  Cathy  was  confronted 
with  the  identical  discrimination  task  in  turbid  water.   A  harmless 
vegetable  dye  (see  Scbusterman,  1966)  was  poured  into  the  water  so  that 
visibility  was  attenuated  to  a  distance  of  approximately  2.8  m,  i.e.,  the 
maximum  distance  at  which  a  skin  diver  was  capable  of  perceiving  the 
larger  target.   Presumably  the  animal  was  unable  to  perceive  the  stimulus 
display  when  it  began  its  approach  approximately  6  m  away.   Following  150 
training  trials  in  turbid  water,  Cathy  was  tested  alternately  in  clear 
water  and  turbid  water.   Figure  17  presents  the  effects  of  reduced  under- 
water visibility  on  Cathy's  performance.   Even  though  the  discrimination 
had  been  perfected  prior  to  making  the  water  turbid,  and  despite  the  fact 
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17.   Acquisition  of  orienting  and  correct  responses  in  turbid  water. 
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that  visibility  under  water  had  not  prohibited  discriminability  in 
advance  of  the  choice  point  (approximately  1.2  to  1.5  m) ,  Cathy  aver- 
aged less  than  60%  correct  responses  during  the  first  75  trials.   As 
the  figure  clearly  shows,  the  acquisition  curve  for  correct  responses 
is  closely  paralleled  by  the  acquisition  curve  for  orienting  responses. 
This  experiment  was  replicated  with  two  other  California  sea  lions  with 
essentially  the  same  results. 

Thus,  sea  lions  swimming  in  mildly  turbid  water — which  completely 
occluded  their  vision  as  they  began  their  approach  toward  a  stimulus 
display — learned  orienting  responses  of  the  head  and  body  in  order  to 
discriminate  visually  between  two  target  stimuli.   Discrimination  per- 
formance remained  perfect  in  both  clear  and  turbid  water,  but  orienting 
responses  remained  highly  probable  only  during  the  latter  condition. 
These  results  suggest  that  sea  lions  rely  primarily  on  postural  adjust- 
ments and  fixating  responses  of  the  head  and  eyes  in  order  to  discrimin- 
ate effectively  between  two  different  size  objects. 

VI.   Factors  Influencing  Production  of  Clicks 
and  Other  Underwater  Vocalizations 

A.   Visibility 

Previous  exploratory  studies  have  shown  that  when  a  captive  California 
sea  lion  is  confronted  with  an  underwater  discrimination  task,  permitting 
little  visibility  of  the  stimuli,  it  produces  clicking  sounds  and  tends 
to  increase  the  amount  of  these  vocalizations  as  a  function  of  the  degree 
of  water  turbidity  (59). 

Although  these  quantitative  studies  were  carried  out  in  the  laboratory 
with  a  single  animal,  the  results  have  been  corroborated  by  observations 
on  two  other  California  sea  lions  in  another  laboratory  setting  and  in 
the  open  sea  (Evans,  personal  communication). 
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On  the  basis  of  these  results,  a  hypothesis  was  formulated  suggesting 
that  in  addition  to  being  related  to  the  animal's  general  arousal  level, 
underwater  clicking  by  the  California  sea  lion  may  be  an  information- 
seeking  response  and  thus  may  be  one  component  of  the  orienting  reflex 
in  this  particular  species  of  pinniped. 

Thus  far,  there  has  been  no  systematic  attempt  to  vary  the  degree 
of  underwater  visibility  over  a  relatively  long  period  of  time  in  order 
to  determine  the  joint  effect  of  trials  and  visibility  on  the  probability 
of  clicking.   The  following  study  was  designed  to  do  just  that  and  was 
carried  out  until  the  frequency  with  which  a  sea  lion  produced  a  series 
of  clicks  reached  asymptotic  values  under  three  conditions  of  visibility 
(clear  water  or  unlimited  visibility  and  maximum  visibilities  of  2.7  to 
2.8  m  and  0.74  to  0.81  m) .   Since  sea  lion  Bibi  had  been  clicking  on 
virtually  every  trial  under  an  extremely  low  visibility  condition  just 
prior  to  this  experiment  (59),  it  was  hypothesized  that  the  animal  would 
continue  its  high  level  of  clicking  under  similar  conditions  of  the  present 
experiment  and  demonstrate  habituation  of  clicking  following  a  relatively 
high  probability  of  clicking  during  the  initial  trials  of  the  clear-water 
condition. 

Sea  lions  Bibi  and  Cathy  participated  in  the  experiment.  Previously 
they  had  both  received  training  on  a  size  discrimination  task  in  clear 
water  and  most  recently  had  been  tested  in  turbid  water  in  attempts  to 
demonstrate  their  "active  sonar"  capabilities  (59).  During  the  latter 
experiments  Cathy  received  only  a  few  hundred  test  trials  without  ever 
producing  a  vocalization  of  any  kind,  as  compared  to  more  than  2500  trials 
received  by  Bibi,  who  made  clicking  sounds  during  most  of  the  trials. 

Under  all  three  visibility  conditions,  the  animals  were  required  to 

respond  in  accordance  with  their  most  recent  training,  Bibi  to  the  larger 

2  2 

of  two  targets  and  Cathy  to  the  smaller  (736.1  cm  -  16.1  cm  in  area). 
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19.   Underwater  click  vocalizations  as  a  function  of  visibility  conditions 
and  test  sessions  or  days.   The  ordinate  shows  the  number  of  trials 
during  which  a  sea  lion  produced  a  train  of  clicks. 

Table  1 

Response  Latencies  (in  seconds)  as  a  Function 
of  Visibility  Conditions 


Condition 

Bi 

Sea  Lions 

bi 

C£ 

fthy 

Median 

Range 

Median 

Range 

Unlimited  visibility 
(clear) 


2.9     2.2  -  3.8    3.0     2.1  -  4.2 


2.7-2.8  meter  visibility 
(turbid) 


3.2     2.3  -  4.5     3.5     2.3  -  4.8 


0.74-0.81  meter  visibility 
(turbid) 


3.9     2.9  -  5.4    4.5     3.2  -  5.8 
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The  targets  were  black  circles  made  of  20-gauge  steel.   Figure  18  shows 
the  type  of  discrimination  used  in  this  study.   For  the  two  limited 
visibility  conditions  the  water  was  made  turbid  by  means  of  a  vegetable 
dye.  A  standard  sequence  was  used  each  day  in  a  pre-  and  post-test 
design.   The  sequence  on  each  of  five  consecutive  days  was  as  follows: 

1.  Pre-test .  Twenty-five  trials  of  unlimited  visibility  (clear 
water) . 

2.  Moderate  visibility.   Fifty  trials  with  a  maximum  visibility 
of  from  2.7  to  2.8  m. 

3.  Poor  visibility.   Fifty  trials  with  a  maximum  visibility  of 
from  0.74  to  0.81  m. 

4.  Post-test.  The  tank  was  emptied  and  refilled  with  clear  water, 
and  the  sea  lions  received  25  additional  trials  under  the  unlimited 
visibility  condition. 

In  order  to  minimize  the  use  of  visual  cues  under  the  poorest  condi- 
tion of  visibility,  an  earlier  series  of  exploratory  studies  suggested 
the  use  of  a  1.2-m  divider  or  barrier  (extending  outward  between  the 
target  stimuli)  and  a  procedure  whereby  an  incorrect  response  could  be 
scored  when  an  animal's  nose  was  just  past  the  side  of  the  barrier  on 
which  the  incorrect  target  was  located.   Since  the  maximum  visibility 
under  the  most  turbid  water  condition  was  considerably  less  than  the 
distance  that  the  barrier  extended  outward  between  the  targets,  it  was 
assumed  that  the  animals  had  to  make  a  decision  prior  to  giving  the 
indicator  response  (pressing  the  target)  at  a  distance  from  the  stimulus 
display  which  afforded  virtually  no  visual  information. 

Results.  There  was  no  difference  in  the  pre-  and  post-tests;  there- 
fore, these  results  were  combined  into  one  condition  (unlimited  visibility) 
The  main  results  are  presented  in  Fig.  19.   Since  Cathy  remained  silent 
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throughout  the  entire  experiment,  results  of  this  animal  are  not  represented 
in  the  figure,  which  shows  that  the  frequency  with  which  Bibi  made  clicking 
vocalizations  varied  as  a  joint  function  of  the  visibility  conditions  and 
the  length  of  time  it  experienced  each  of  the  conditions.  As  expected, 
although  both  animals  made  almost  no  errors  under  the  unlimited  and  moder- 
ately limited  visibility  conditions,  they  performed  near  chance  when  visi- 
bility was  very  poor. 

Both  sea  lions  frequently  displayed  orienting  responses  of  the  head 
or  body  within  2  m  of  the  stimulus  display  under  both  turbid  water  condi- 
tions, but  rarely  showed  such  activity  in  clear  water.  This  behavior  is 
reflected  in  the  response  latencies  of  both  animals  as  shown  in  Table  1. 
Predictably,  on  the  basis  of  the  ease  of  target  discriminability,  response 
latency  increased  as  visibility  decreased.   Latency  scores  within  each  of 
the  conditions  showed  only  minor  fluctuation  from  session  to  session.   It 
should  be  noted  that  response  latencies  for  the  poorest  visibility  treat- 
ment were  based  on  correct-response  and  not  incorrect-response  trials, 
since  targets  were  usually  withdrawn  from  the  water  as  soon  as  an  animal 
passed  the  barrier  on  the  side  of  the  negative  target. 

Discussion.  Although  Cathy  proved  to  be  a  nonvocal  animal  in  each 
underwater  discrimination  task,  regardless  of  the  degree  of  visibility, 
the  frequency  with  which  Bibi  made  clicking  vocalizations  as  a  function 
of  visibility  was  shown  to  depend  upon  the  length  of  time  this  sea  lion 
experienced  each  of  the  visibility  conditions.   Thus,  Bibi's  results 
confirmed  the  initial  hypothesis  that  although  underwater  clicking  during 
a  discrimination  task  may  persist  under  a  continuing  state  of  impoverished 
visual  information,  the  vocalizations  have  a  higher  probability  of  occur- 
rence during  the  initial  stages  of  unlimited  visibility,  habituating  at 
a  negatively  accelerated  rate  until  there  is  virtually  no  clicking  at  all. 
Conditioning  could  not  have  been  a  factor  since  reinforcement  was  more 
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probable  under  conditions  of  unlimited  visibility  than  under  conditions 
of  poor  visibility. 

Of  particular  interest  was  the  unpredicted  finding  that,  although 
the  early  stages  of  testing  resulted  in  a  higher  probability  of  clicking 
in  moderately  turbid  water  than  in  clear  water,  the  decline  in  clicking 
was  more  rapid  in  the  former  condition,  so  that  the  curves  describing 
the  clicking  probability  functions  for  the  two  conditions  eventually 
converge  at  a  value  near  zero. 

Since  the  target  stimuli  were  invisible  when  an  animal  began  its 
approach  in  mildly  turbid  water,  but  became  visible  well  in  advance 
of  the  choice  point,  it  seems  likely  that  the  sea  lion  gradually  learned 
to  anticipate  target  discriminability  under  this  condition.   On  the  basis 
of  this  assumption,  this  animal's  results  suggest  that  underwater  click- 
ing, rather  than  being  directly  related  to  the  turbidity  of  water  as 
such,  depends  upon  the  degree  of  certainty  with  which  a  sea  lion  can 
make  a  decision  at  the  choice  point  prior  to  its  giving  an  indicator 
response.   Thus,  a  clicking  vocalization  as  one  aspect  of  information- 
seeking  behavior  does  not  habituate  under  conditions  of  uncertainty 
which  induce  and  maintain  a  constant  state  of  conflict  and  arousal 
(poor  visibility  condition),  but  does  habituate  under  conditions  offer- 
ing little  uncertainty.   This  is  so  either  because  the  animal  can  readily 
distinguish  between  the  food-signalling-stimulus  and  the  nonfood-signalling- 
stimulus  and  thus  respond  appropriately  (unlimited  visibility  condition) 
or  because,  by  gradually  learning,  the  animal  comes  to  anticipate  eventual 
signal  detectability  and  discriminability  prior  to  making  an  indicator 
response  (moderate  visibility  condition).   Such  an  interpretation  is  con- 
sistent with  Berlyne's  (9)  notions  relating  the  influence  of  conflict 
induction  to  the  arousal  properties  of  the  organism  and  concommitant 
information- seeking  behavior.   Furthermore,  if  underwater  clicking  by 
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Zalophus  is  in  fact  one  aspect  of  an  orienting  reaction,  then  the  per- 
sistence of  such  a  reaction  is  not  unexpected.   For  example,  Berlyne, 
in  summarizing  the  Russian  work  relating  properties  of  the  orienting 
reflex  to  stimuli  with  signal  value,  states  that  "the  orienting  reaction 
will  be  singularly  intense  and  last  more  or  less  indefinitely  if  a 
stimulus  with  signal  value  is  hard  to  detect,  e.g.,  because  it  is  near 
the  absolute  threshold."   (9,  p. 88). 

Although  the  data  from  one  animal,  Bibi,  are  quite  reliable,  the 
fact  that  Cathy  produced  no  clicking  vocalizations  under  nearly  identical 
conditions  discourages  any  broad  generalizations  deriving  from  these 
results.   However,  in  order  to  check  the  reliability  of  these  data  even 
further,  a  second  similar  experiment  was  performed  with  Bibi.   Prior  to 
the  initiation  of  the  experiment  proper,  the  animal  received  approximately 
400  trials  on  a  simple  size  discrimination  in  clear  water  and  remained 
relatively  silent  during  each  of  the  trials.   On  the  basis  of  the  previous 
results  and  the  suggestions  formulated  from  those  results,  it  was  pre- 
dicted that  the  likelihood  of  clicking  would  remain  low  in  clear  water, 
increase  to  a  probability  of  close  to  1.00  under  conditions  of  poor  visi- 
bility, and  increase  to  some  moderate  value  and  then  decline  to  a  near- 
zero  value  under  conditions  of  moderate  visibility.   As  Fig.  20  shows, 
the  predictions  were  confirmed.  Again,  performance  in  terms  of  correct 
responses  was  perfect  in  clear  water  and  near  chance  when  visibility  was 
poor. 
B.   Degree  of  Airborne  Vocalization 

The  individual  differences  of  the  last  experiment  raise  an  interesting 
question  concerning  the  relationship  of  clicking  under  water  to  the  general 
vocalness  of  a  sea  lion  in  air.  As  a  result  of  general  observations  made 
during  the  course  of  maintaining  three  California  sea  lions  (including 
the  two  used  in  the  last  experiment),  it  was  noted  that  Cathy  appeared  to 
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Table  2 

Charact 

eristics  of  Seals  and  Sea 

Lions  used  in  the  Vocalizat 

ion  Survey 

Animal 

Species 

Sex 

Approximate 

Age  (at  time 

of  survey) 

Capture 
Age 

G 

Zalophus  californianus 
(California  Sea  Lion) 

M 

4.5 

yr. 

3.5  yr. 

M 

it 

M 

4.5 

yr. 

3.0  yr. 

P 

tt 

M 

1.5 

yr. 

1.0  yr. 

T 

ti 

M 

1.5 

yr. 

1.0  yr. 

B 

Eumetopias  jubatus 
(Steller  Sea  Lion) 

M 

1.5 

yr. 

<  1  mo. 

F 

M 

1.5 

yr. 

<  1  mo. 

N 

M 

1.5 

yr. 

<  1  mo. 

S 

F 

1.5 

yr. 

<  1  mo. 

55 

M 

5 

mo. 

<  1  mo. 

56 

F 

5 

mo. 

<  1  mo. 

3 

Callorhinus  ursinus 
(Northern  Fur  Seal) 

M 

3 

mo. 

<  1  mo. 

4 

" 

M 

3 

mo. 

<  1  mo. 

J 

Mirounga  angustirostris 
(Northern  Elephant  Seal) 

M 

1.0 

yr. 

1  mo. 

K 

IT 

M 

1.0 

yr. 

1  mo. 

L 

" 

F 

1.0 

yr. 

1  mo. 

A 

Phoca  vitulina 

F 

Adult 

Adult 

(Harbor  Seal) 

1 

it 

F 

7 

mo. 

1  day 

0 

tt 

M 

1.5 

yr. 

1  mo. 

R 

" 

F 

1.5 

yr. 

1  wk. 

Y 

tt 

F 

1.5 

yr. 

<  1  mo. 

1. 


7. 


9. 


10, 


11 
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be  the  least  vocally  responsive  animal  of  the  group.   This  observation 
offered  the  obvious  suggestion  that  Cathy's  threshold  for  underwater  click 
vocalizations  may  have  been  considerably  higher  than  that  for  Bibi.   For- 
tunately, a  check  on  this  suggestion  was  available  in  the  form  of  previously 
collected  data  dealing  with  the  social  behavior  of  three  captive 
California  sea  lions.   Behaviors,  including  virtually  all  vocaliza- 
tions, were  recorded  by  30-sec.  intervals  on  a  time-ruled  check  sheet 
from  May  to  August,  1964.   The  data  dealing  with  the  vocalizations  are 
presented  in  Fig.  22;  they  support  the  suggestion  that  Cathy's  low  level 
of  vocalization  in  air  may  have  been  partly  responsible  for  its  previous 
lack  of  underwater  clicking. 

If  the  degree  of  sound  production  in  pinnipeds  is  similar  both  in 
air  and  under  water,  then  an  estimate  of  in-air  calling  may  be  helpful 
in  predicting  whether  one  or  another  species  will  be  more  or  less  vocal 
under  water.  Therefore,  a  preliminary  survey  of  the  in-air  vocalizations 
of  20  seals  and  sea  lions,  representing  five  species  of  Pinnipedia  was 
undertaken  in  November,  1965  and  lasted  approximately  five  weeks.  The 
characteristics  of  the  animals  used  in  the  survey  are  listed  in  Table  2. 

The  animals  lived  together  in  a  large  compound  with  a  pool  and  were 
usually  fed  prior  to  the  observation  sessions,  which  took  place  twice 
daily — at  1:30  P.M.  and  4:30  P.M.   Vocalizations  were  recorded  at  30-sec. 
intervals  on  a  time-ruled  check  sheet.   Vocalization  of  any  sort  was  scored 
only  once  during  a  30-sec. period.   Each  observation  session  lasted  10 
minutes. 

The  results  are  presented  in  Fig.  22.   From  these  data,  it  would  be 
predicted  that  both  the  Steller  and  California  sea  lions  would  be  consider- 
ably more  vocal  under  water  than  would  the  harbor  seal  with  the  northern 
elephant  seal  occupying  an  intermediate  position.   Barking  was  the  dominant 
vocalization  of  the  California  sea  lion  and  clicking  and  hissing  the 
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the  dominant  vocalization  of  the  Steller.   The  harbor  seals  were 
relatively  silent;  their  predominant  vocalization  being  a  growl,  some- 
times followed  by  a  pulsed  snorting  sound  from  the  nose.   This  sound 
is  typically  used  in  the  harbor  seal  threat  pattern.  There  were  two 
distinct  types  of  elephant  seal  calls.  The  predominant  one  was  a  shrill 
"distress"  cry,  sometimes  with  a  hodeling  quality  which  is  typical  of 
pups  in  the  wild  as  described  by  Bartholomew  and  Collias  (8).  A  highly 
pulsed  call  began  to  emerge  in  early  December,  1965  which  was  similar 
to  the  "belch-roar"  of  the  yearling  as  described  by  Bartholomew  and 
Collias  (8).   Sonograms  of  these  two  calls  are  shown  in  ?ig.  23.   It  is 
probable  that  the  distress  cry  was  yielding  to  the  belch-roar  as  the  pups 
reached  yearling  status.   Since  these  animals  had  been  in  the  presence 
of  yearlings  and  adult  elephant  seals  only  for  a  brief  time  after  birth 
(about  one  month)  and  since  that  time  had  been  in  the  company  of  California 
and  Steller  sea  lions  as  well  as  harbor  seals,  it  is  unlikely  that  the 
acquisition  of  the  belch-roar  was  learned.   Rather,  the  evidence  suggests 
that  the  development  of  this  vocalization  is  genetically  acquired. 
C.   Conflict  and  Frustration 

An  organism  is  said  to  be  in  conflict  when  two  or  more  incompatible 
response  tendencies  are  aroused  simultaneously  (9).   Frustration  is  often 
a  consequence  of  conflict  since  the  conflicting  response  tendencies  may 
be  a  factor  in  blocking  the  organism  from  acquiring  an  incentive  or  goal 
object  such  as  food.   In  previous  experiments,  it  was  indicated  that 
underwater  clicking  may  be  evoked  as  a  component  of  the  orientation  reflex 
by  a  stimulus  situation  which  is  relevant  to  conflict  and/or  frustration. 
Evidence  supporting  this  point  of  view  is  now  presented  with  a  second 
California  sea  lion  (Sam,  a  3-year-old  male).   Since  some  of  the  pro- 
cedural details  of  this  experiment  are  not  relevant  to  the  present  discourse 
and  in  fact  have  been  partially  presented  elsewhere  (61),  only  pertinent 
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aspects  of  the  procedure  will  be  dealt  with  here. 

In  this  study,  the  animal  was  presented  with  all  possible  two- 
choice  discrimination  problems  which  could  be  generated  from  20  stimulus 
shapes.   Since  there  are  190  combinations  of  20  stimuli  taken  two  at  a 
time,  and  since  each  combination  yields  two  problems  (by  reversing  polarity 
of  reward),  a  total  of  380  distinct  problems  were  constructed.   Generally 
the  animal  received  10  different  problems  lasting  6  trials  each  for  a  total 
of  60  trials  at  a  given  test  session.   Thus,  the  animal  had  no  information 
as  to  which  stimulus  shape  would  pay  off  on  the  first  trial  of  each  pro- 
blem.  However,  following  the  initial  trial  of  a  problem,  reward  was  con- 
sistently associated  with  one  or  the  other  of  the  stimulus  shapes  for  the 
next  5  trials. 

The  sea  lion  produced  no  clicks  during  the  early  problems.   However, 
by  the  sixteenth  session,  a  few  clicks  were  produced.   On  a  typical  "click- 
ing" trial,  the  animal  would  swim  to  the  choice  point,  turn  its  head  and 
body  to  one  and  then  the  other  stimulus,  swim  just  below  one  of  the 
stimuli  and  begin  emitting  a  train  of  clicks.   The  clicks  terminated  as 
the  animal  indicated  its  choice  by  pressing  against  the  stimulus  target. 
As  the  study  progressed,  three  principal  features  developed: 

1.  Clicking  was  acquired,  lost,  reacquired,  and  lost  again  with 
reinforcement  of  correct  responses  (to  one  stimulus  shape  or  another) 
having  little  effect  on  click  production. 

2.  During  those  test  sessions  in  which  click  trains  were  produced 
quite  frequently  (sessions  12-16  and  22-23),  occurrence  could  be  readily 
predicted  from  trial  to  trial.   Clicks  were  usually  elicited  either  on 
the  first  trial  of  a  new  problem  (trial-1)  or  on  a  trial  following  a 
previously  incorrect  or  nonreinforced  trial  (negative  outcome).   On  the 
other  hand,  clicking  occurred  relatively  infrequently  on  a  trial  following 
a  correct  or  reinforced  response  (positive  outcome).   Figure  24  illustrates 
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24.   Percentage  of  clicking  trials  as  a  function  reinforcement  (positive 
outcome),  nonreinforcement  (negative  outcome)  and  the  first  trial 
(trial-1)  of  each  shape  discrimination  problem.   The  ordinate  shows 
the  percentage  of  trials  during  which  a  sea  lion  produced  trains 
of  clicks.   Numerals  at  each  data  point  refer  to  number  of  trials. 
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this  point  by  showing  clicking  as  a  function  of  previous  outcome 
and  trial-1. 

3.   Response  latency  or  reaction  time,  i.e.,  the  time  between  when 
the  stimulus  display  was  submerged  until  the  time  the  sea  lion  pushed 
the  target  with  its  nose,  was  considerably  longer  on  those  trials  when 
the  animal  vocalized  than  when  it  remained  silent.   Figure  25  illustrates 
this  point  by  showing  the  distribution  of  response  latencies  as  a  function 
of  "click"  and  "nonclick"  trials. 

The  psychological  literature  is  replete  with  demonstrations  showing 
that  reaction  time  is  increased  when  an  organism  is  in  a  state  of  con- 
flict and  that  nonreinforced  responding  leads  to  frustration  effects. 
Thus,  in  the  present  context,  when  the  animal  was  reinforced,  it  would 
appear  that  conflict  and  frustration  were  somewhat  reduced,  resulting 
in  more  rapid  responding  without  click  emission.   If,  however,  the  animal 
was  confronted  by  a  new  problem  or  had  made  an  error  on  the  previous 
trial,  then  it  was  much  more  hesitant  in  its  final  choice  response,  and 
just  prior  to  its  choice,  it  often  emitted  clicks. 

This  evidence  tends  to  support  the  hypothesis  that  elicitation  of 
clicks  in  turbid  water  may  not  be  a  function  of  reduced  visibility  as 
such,  but  rather  a  function  of  the  stimulus  situation  which  induces  an 
organismic  state  of  conflict  and  arousal. 
D.   Operant  Conditioning 

A  response  by  an  animal,  e.g.,  a  pigeon  raising  its  head  to  a  certain 
height,  may  be  conditioned  as  a  result  of  its  consistently  being  followed 
by  the  occurrence  of  a  reinforcing  event  such  as  food.   This  type  of 
conditioning  has  been  called  operant  conditioning  as  distinguished  from 
classical  or  Pavlovian  conditioning  (64).   If  a  sea  lion  is  maintained 
for  a  relatively  long  time  in  an  aroused  or  alert  state  in  which  click 
vocalizations  are  invariably  evoked  (such  as  when  it  is  confronted  with 
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a  difficult  detection  or  discrimination  task),  then  any  food  reinforcement 
which  immediately  follows  may  inadvertently  result  in  the  conditioning 
of  such  vocalizations.   On  the  other  hand,  it  has  been  suggested  that 
since  most  known  nonhuman  animal  vocalizations  are  elicited  by  uncon- 
ditioned stimuli,  it  is  difficult,  if  not  impossible,  to  control  them 
by  such  operant  conditioning  procedures  (65,67). 

Studies  with  rats,  showing  that  squeaking  could  be  controlled  by 
classical  but  not  by  operant  or  instrumental  conditioning  procedures  (cf.46) 
tend  to  support  this  view.   Recently,  however,  operant  conditioning 
procedures  have  proved  successful  in  modifying  vocalizations  by  a  variety 
of  mammalian  forms.   Included  are  the  dog's  bark  (54),  the  cat's  meow 
(45),  the  porpoise's  squawk  (39),  and  the  young  cebus  monkey's  musical 
"Ooo"  (44).   Therefore,  the  question  arises  as  to  whether  a  clicking 
vocalization  by  a  sea  lion  could  be  controlled  or  conditioned  by  means 
of  operant  reinforcement  techniques  in  both  clear  and  turbid  water. 
This  question  was  subjected  to  experimental  analysis. 

Using  a  counter-conditioning  paradigm,  fish  reinforcement  was  made 
contingent  on  either  clicking  or  not  clicking,  depending  upon  whether 
the  acquisition  or  extinction  phase  of  the  experiment  was  in  progress. 
Each  trial  was  initiated  by  presentation  of  two  identical  target  stimuli 
which  were  used  only  as  an  approach  signal.   Since  previous  explorations 
suggested  that  it  would  be  inefficient  to  extinguish  clicking  completely, 
the  criterion  for  the  acquisition  of  clicking  was  more  regorous  than  that 
for  inhibiting  the  output  of  clicking  sounds.   During  acquisition  or 
conditioning,  the  sea  lion  (Bibi)  was  required  to  emit  a  series  of  clicks 
on  23  trials  of  a  block  of  25  trials  taken  as  an  independent  unit.   During 
extinction  of  clicking  (or  acquisition  of  nonclicking)  the  animal  was 
required  to  inhibit  its  clicking  vocalization  on  6  of  25  trials.   Following 
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26.   Successive  acquisition  and  extinction  of  underwater  click  vocalizations 
by  a  California  sea  lion. 


581 


a  successive  acquisition  and  extinction  series  in  turbid  water  (visibility 
as  measured  by  a  skin  diver  was  approximately  2.7  to  2.8  m) ,  the  series 
was  replicated  in  clear  water. 

On  a  typical  trial,  when  the  two  targets  were  presented  Bibi  would 
dive  under  water  and  begin  a  train  of  clicks  about  2.4  m  from  the  stimulus 
display  area.   Initially  clicking  would  terminate  just  prior  to  touching 
one  or  the  other  of  the  targets.   However,  by  the  third  day  of  turbid- 
water  testing,  the  animal  often  continued  to  emit  clicks  even  after 
pushing  a  target.   Even  though  food  reinforcement  was  contingent  only  upon 
a  vocal  response  or  the  inhibition  of  a  vocal  response,  the  animal  went 
through  three  different  phases  of  systematic  responding  to  target  position, 
Initially  the  animal  alternated  position;  then  it  persevered  to  either 
position,  and  finally  it  consistently  pressed  against  the  target  on  the 
left.  At  first,  targets  were  pushed  vigorously;  however,  about  half-way 
through  the  experiment  responses  to  the  target  were  perfunctory,  with  the 
animal  barely  touching  it. 

The  curves  for  both  the  clear  and  turbid  water  phases  of  the  exper- 
iment are  presented  in  Fig.  26.   The  figure  shows  that  the  California 
sea  lion's  underwater  click  emission  is  subject  to  control  by  operant 
conditioning  techniques.   Since  Bibi  had  been  producing  trains  of  clicks 
in  turbid  water  just  prior  to  the  present  study  (see  Section  VI,  A)  the 
initially  rapid  acquisition  of  clicking  on  Day  1  was  not  unexpected. 
Following  the  first  extinction  session,  reacquisition  proceeded  more 
slowly  and  Bibi  had  to  be  given  200  trials  before  reaching  the  criterion 
for  acquisition.   However,  by  the  third  day,  reacquisition  of  clicking 
usually  occurred  soon  after  the  first  click  trains  were  emitted  and 
reinforced. 

Thus,  repetition  of  acquisition  and  extinction  sessions  resulted  in 
a  progressively  more  rapid  transition  between  high  and  low  degrees  of  this 
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vocal  behavior.   This  phenomenon  has  been  demonstrated  in  simple  lever- 
pushing  situations  (13)  as  well  as  in  more  complex  discrimination 
problem- solving  situations  (27)  and  has  sometimes  been  called  "learning 
set"  or  "learning  how  to  learn."  Since  there  was  no  exteroceptive  cue 
correlated  with  the  beginning  of  the  conditioning  or  extinction  periods, 
the  discriminative  control  of  vocal  behavior  must  have  been  a  function 
of  cues  associated  with  reinforcement  and  nonreinforcement .   If,  as  has 
been  suggested  by  Salzinger  and  Waller  (54)  and  others  (29),  the  vocal 
behavior  of  animals  constitutes  an  evolutionary  forerunner  of  human 
verbal  behavior,  then  it  seems  likely  that  the  phenomenon  of  learning 
set  formation  will  also  be  found  in  the  development  of  human  verbal 
behavior. 

As  already  indicated,  there  is  some  evidence  to  suggest  that  the 
production  of  underwater  clicking  sounds  may  be  related  to  the  general 
vocalness  of  a  sea  lion.   Further  support  for  this  notion  occurred 
when  Bibi  and  Cathy  were  placed  together  in  the  experimental  tank  and 
were  trained  to  make  an  instrumental  response  (each  striking  simultan- 
eously presented  targets  of  different  size)  for  food  reinforcement. 
Both  animals  were  highly  aroused,  as  evidenced  by  their  raucous  play 
and  aggressiveness  between  trials,  but  Bibi  alone  produced  barks  and 
clicks.   On  this  basis,  it  was  proposed  to  condition  Cathy  to  vocalize 
in  air  and  to  determine  whether,  in  its  attempt  to  vocalize  under  water, 
the  animal  would  begin  to  emit  clicking  sounds.  Accordingly,  a  series 
of  experiments  was  initiated  with  the  aim  of  shaping  an  underwater  click- 
ing vocalization  by  Cathy  and  then  gaining  discriminative  control  over  the 
vocalization  (60). 

Conditioning  of  Cathy's  airborne  vocalizations  was  extremely  rapid 
and  was  accomplished  by  holding  a  piece  of  fish  in  front  of  the  animal 
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until  it  vocalized.  Each  vocalization  was  promptly  reinforced  with  a 
piece  of  fish.  Next,  the  animal  was  placed  in  the  tank  and  had  to  duck 
its  head  under  water  and  vocalize  prior  to  target  presentation  and  sub- 
sequent food  reinforcement.  An  initial  click  train  occurred  within  the 
first  5  minutes  and  the  animal  acquired  consistent  click  emission  within 
approximately  30  minutes.  Finally,  discriminative  control  over  Cathy's 
underwater  clicking  vocalization  was  demonstrated. 

Using  a  counter-conditioning  paradigm,  a  clicking  vocalization  in 

2 
the  presence  of  a  large  (736.1  cm  )  circular  target  was  reinforced, 

and  not  clicking  in  the  presence  of  a  small  (16.1  cm  )  circular  target 

(the  one  that  the  animal  had  originally  been  trained  with)  was  reinforced, 

The  targets  were  presented  successively  in  a  random  sequence  within 

blocks  of  100  trials;  each  was  presented  on  50  occasions  at  each  test 

session.   There  were  two  test  sessions  on  each  of  the  first  three  days, 

and  thereafter  one  test  per  day.   Figure  27  presents  the  results  of  this 

experiment,  and  shows  that  virtually  complete  discriminative  control  over 

Cathy's  underwater  clicking  was  accomplished  within  three  days,  after 

600  trials. 

If  the  underwater  clicks  produced  by  Zalophus  are  part  of  an  active 
biological  sonar  system,  then  these  results  suggest  that  at  least  the 
first  stage  of  the  system,  i.e.,  the  emission  of  short  duration  sound 
pulses,  is  highly  flexible  and  subject  to  external  modification. 
E.   Social  Interaction  and  Novelty 

Vocalization  often  appears  related  to  alertness  or  a  relatively  high 
activity  level  of  an  animal  and  it  may  be  assumed  that  during  such 
activated  states  a  high  degree  of  physiological  arousal  exists  (10,18). 
Among  sea  lions  in  captivity  and  in  nature,  vocal  displays  in  air  (sounds 
which  often  have  a  pulsed  structure)  have  considerable  communicative 
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27.   Acquiring  and  maintaining  discriminative  control  of  underwater  click 
vocalizations.   The  sea  lion  was  reinforced  for  clicking  in  the 
presence  of  a  large  circular  stimulus  and  for  not  clicking  in  the 
presence  of  a  small  circular  stimulus.   Insert  shows  acquisition 
of  correct  indicator  responses  (vocalizing  or  not  vocalizing). 
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value  and  are  frequently  associated  with  conditions  of  stress,  social 
play,  fighting  or  sparring,  increased  sexual  activity,  and  disturbance 
from  a  resting  state.   It  has  previously  been  suggested  (59)  that 
underwater  click  vocalizations  by  the  sea  lion,  Zalophus  calif ornianus, 
may  be  related  to  a  general  arousal  phenomenon  (9,10)  as  well  as  a  specific 
or  focused  arousal  such  as  the  "questioning  reaction"  or  "orienting  reflex" 
(49,66).   Since  click  vocalizations  are  likely  to  convey  information  con- 
cerning the  moods  of  the  vocalizing  animal,  these  sounds  also  may  function 
as  a  part  of  the  underwater  communication  system  of  the  California  sea 
lion. 

Novelty  or  stimulus  change  is  a  strong  impetus  to  behavioral  and 
physiological  arousal,  and  the  concept  of  arousal  has  recently  been  found 
useful  in  interpreting  investigative  behavior  (72)  as  well  as  patterns 
of  social  behavior  (42).   If  clicking  vocalizations  under  water  are  related 
to  the  emotional  character  of  Zalophus,  then  these  vocalizations  would  be 
expected  to  play  a  prominant  role  in  the  animal's  behavior  in  situations 
that  on  face  value  might  be  considered  arousal-producing.   To  test  this 
hypothesis,  three  sea  lions  were  presented  with  a  social  stimulus  (another 
sea  lion)  and  two  novel  or  strange  stimuli  (a  large  clown- like  object,  and 
a  mirror)  in  a  pre-  and  post-test  experimental  design. 

The  amount  and  types  of  underwater  vocalizations  were,  in  most  cases, 
compared  when  the  stimulus  conditions  were  and  were  not  present.   Quanti- 
fication of  underwater  vocal  behavior  and  investigative  behavior  was 
accomplished  by  means  of  a  time-ruled  check  list.   Frequency  of  occurrence 
was  recorded  by  30-sec.  intervals.   Thus,  it  was  possible  to  obtain  a 
minute- by-minute  record  of  vocalization  and  object- investigation.   Two  Es 
observed  the  animals  from  the  testing  platform.   One  E  monitored  and  scored 
the  occurrence  of  underwater  vocalizations,  while  the  other  E  observed  the 
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animals,  using  a  stop-watch  to  record  time  only  when  an  animal's  head 
was  submerged,  scoring  behavioral  categories  and  making  qualitative 
notes  on  the  behavior  of  each  animal.   Vocalizations  were  scored  only 
during  "running  time",  i.e.,  when  at  least  one  animal  had  its  head 
under  water. 

The  animals  used  in  these  studies  were  a  male  (Sam)  and  two 
female  (Bibi  and  Cathy)  California  sea  lions,  between  2  and  3  yr.  old; 
all  had  been  in  captivity  for  at  least  1  to  2  yr.   Previously,  Bibi 
and  Sam  had  spontaneously  produced  underwater  clicking  sounds  in  dif- 
ferent types  of  visual  discrimination  tasks  (see  Sections  VI,  A  and  B) 
and  Cathy  had  been  conditioned  to  emit  these  sounds  (60). 

Social.   In  this  experiment,  each  of  the  three  animals  was  paired 
with  each  of  the  other  two  on  separate  occasions.   One  pair  was  tested 
each  day  between  9:30  A.M.  and  1:00  P.M.   All  three  pairs  initially  received 
a  total  of  four  test  sessions  with  one  animal  of  each  pair  alternately 
introduced  into  the  tank  individually  or  as  a  "partner"  (see  below). 

The  procedure  at  any  given  session  was  as  follows: 

1.  Adaptation.  An  animal  was  introduced  into  the  tank  and  swam 
freely  for  one  hour.   Observations  were  made  during  the  first  10  min.  of 
this  period. 

2.  Pretest  or  individual  test.   E  recorded  the  underwater  vocal- 
izations of  the  single  free-swimming  animal  for  20  min. 

3.  Social  test.  A  second  animal,  the  "partner",  was  introduced 
into  the  tank  and  underwater  vocalizations  by  both  animals  were  recorded 
for  20  min. 

4.  Post-test  or  individual  test.   The  partner  was  removed  from  the 
tank  and  recording  of  underwater  vocalizations  by  the  first  animal  was 
resumed. 
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One  session  was  run  each  day  for  12  days. 

The  underwater  vocalizations  involved  during  this  experiment  included 
"whinny"  sounds,  barks,  and  a  buzzing  sound,  as  well  as  varying  patterns 
of  click  trains.   These  sounds  are  displayed  in  the  sonograms  shown  in 
figs.  3  to  9.   Since  there  was  little  change  in  the  amount  or  type  of 
vocalization  for  each  pair  over  the  four  test  sessions,  the  results  from 
each  of  the  sessions  were  combined  and  are  presented  in  Fig.  28.   The 
degree  of  clicking  and  other  vocalizations  is  expressed  as  percent  of 
30-sec. intervals.   It  is  evident  from  the  figure  that  clicks  and  other 
vocalizations  were  far  more  prevalent  for  each  of  the  pairs  during  social 
testing  than  during  individual  pre-  and  post-tests.   In  fact,  virtually 
no  vocalizations  occurred  when  the  animals  were  tested  alone.   Note  that 
the  most  vocal  pair  (Cathy  -  Bibi)  produced  click  trains  during  more  than 
50  percent  of  the  observation  periods. 

Since  vocalizations  frequently  occurred  when  only  one  animal  of  a 
pair  had  its  head  under  water,  it  was  often  possible  to  identify  which 
one  of  a  pair  emitted  the  sound.   Moreover,  the  pattern  of  click  trains 
was  usually  highly  distinctive  for  each  animal,  which  further  enabled 
identification  of  the  sound-producing  animal.   The  degree  of  clicking 
contributed  by  the  individual  sea  lions  during  social  interactions  is 
presented  in  Fig.  29.   This  figure  includes  an  additional  (fifth)  test 
session  for  each  pair  which  was  run  without  pre-  and  post-tests,  and 
is  not  included  in  the  summarized  data  of  Fig.  28.   The  left  panel  of 
Fig.  29  shows  the  percentage  of  30-sec.  intervals  in  which  individuals 
produced  clicks  in  a  given  social  pairing.   These  data  show  that  although 
Bibi  and  Cathy  produced  clicks  more  frequently  when  paired  with  each  other 
or  with  Sam  than  when  solitary,  Sam's  production  of  clicks  increased  in 
a  social  situation  only  when  paired  with  Cathy. 
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30.   Effects  of  a  large  "novel"  object  on  underwater  clicking  and  degree 

of  specific  contact  with  the  object.   The  figure  compares  the  effects 
during  first  and  last  ten  30-sec. intervals. 
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Clicking  was  the  predominant  vocalization  by  all  animals.   However, 
Bibi  frequently  produced  a  "whinny"  sound,  especially  when  interacting 
with  Sam.   This  vocalization  was  never  emitted  by  the  other  two  animals. 
Play-fighting  was  the  most  frequent  social  activity  observed,  and  was 
characterized  by  chasing,  gentle  biting  and  pushing,  and  "porpoising" 
together  and  over  one  another.   Although  clicking  was  frequently  in 
evidence  during  a  social  encounter,  especially  during  an  extensive  chase, 
it  occurred  equally  as  often  when  the  animals  were  not  swimming  in  prox- 
imity to  one  another.   On  the  other  hand,  barking  and  Bibi's  "whinny" 
sound  were  specific  to  social  encounters  and  usually  occurred  when  play 
appeared  to  shift  to  aggression  (consisting  of  hard  biting  and  lunging). 

The  two  most  vocal  sea  lions  (Bibi  and  Cathy)  were  also  the  most 
generally  responsive.   Cathy,  in  particular,  appeared  to  be  soliciting 
play  from  another  animal  by  gently  biting  its  rear  flipper  and  following 
this  with  porpoising  and  rapid  swimming  over,  under,  and  around  the  animal. 

Novelty  -  1  (large  object).   This  first  study  dealing  with  the  effects 
of  novelty  on  underwater  clicking  was  initiated  as  soon  as  the  social 
experiment  had  terminated.   The  procedure  and  method  of  scoring  were  similar 
to  those  of  the  previous  experiment  except  that  the  pre-  and  post-test 
design  was  not  used.   A  large  plastic  clown,  127  cm  high,  with  a  maximum 
diameter  of  51  cm,  was  weighted  with  water  so  that  it  could  not  readily 
float  and  was  placed  near  the  center  of  the  tank.   Each  animal  was  intro- 
duced individually  into  the  tank  with  the  object  and  received  five  such 
test  sessions  (one  per  day).   Each  session  lasted  10  min. 

The  combined  results  from  the  five  test  sessions  are  presented  in 
Fig.  30  which  compares  the  degree  of  clicking  and  specific  object- 
contact  by  each  animal  during  the  first  and  last  ten  30-sec.  intervals. 
Although  there  was  little  change  in  either  of  these  behavioral  indices 
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over  sessions,  all  animals  showed  either  some  decrease  or  no  change  in 
both  measures  within  each  of  the  sessions.   Thus,  there  was  a  direct 
relationship  between  the  degree  to  which  an  animal  interacted  with  the 
object  and  the  degree  to  which  click  vocalizations  were  elicited.   How- 
ever, the  degree  of  clicking  by  Sam  and  Bibi  was  relatively  low,  pre- 
venting meaningful  comparisons  between  the  first  and  last  halves  of  the 
sessions. 

All  animals  contacted  the  novel  object  within  the  first  min.  of 
exposure.   This  initial  contact  was  invariably  made  with  the  nose  and 
repeatedly  occurred  during  the  first  one  or  two  min.  of  each  of  the 
succeeding  sessions.   Cathy  was  the  only  animal  who  manipulated  the 
object  by  means  other  than  just  nuzzling  (see  Fig.  31).   This  sea  lion 
showed  great  interest  in  the  object  and  its  repertoire  of  manipulations 
included  pushing  with  the  nose,  biting  and  shaking,  dragging  the  object 
with  the  mouth,  and  occasionally  clasping  it  with  its  front  flippers. 
The  object  was  so  mangled  by  Cathy's  rough  biting  and  "handling"  that 
by  the  third  session,  the  original  object  had  to  be  replaced.   Although 
clicking  vocalizations  occurred  occasionally  while  the  animals  looked 
at  the  object,  they  occurred  more  often  when  an  animal  appeared  to  be 
paying  little  attention  to  the  object. 

Novelty  -  2  (mirror) .   The  following  experiments  sought  to  determine 
the  effects  of  a  mirror  stimulus  on  the  underwater  vocal  and  investigative 
behavior  of  the  sea  lion.  A  mirror  may  be  thought  of  as  a  novel  stimulus, 
which  to  a  certain  extent  has  the  properties  of  a  social  stimulus.   Kohler 
(36)  has  shown  that  reflected  self-images  from  a  mirror  or  from  pools  of 
water  elicit  intense  interest  and  investigation  from  cimpanzees,  and 
Tinbergen  (68)  reports  that  a  sexually  active  male  stickleback  will 
assume  a  threat  posture  upon  seeing  itself  in  a  mirror. 
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In  the  first  experiment,  a  41  x  51  cm  mirror  was  hung  outside  the 
tank  against  the  51  x  51  cm  window  at  the  far  end  of  the  tank.   The 
other  five  windows  of  the  tank  remained  uncovered.   In  addition  to 
scoring  vocalizations,  visual  orientation  to  the  test  window  (with 
the  mirror)  and  to  each  of  the  other  windows  (except  the  one  directly 
below  the  observation  or  testing  platform)  was  also  scored.   Orientation 
was  recorded  when  an  animal  looked  at  a  window  for  at  least  3  sec.  within 
a  distance  of  at  least  0.9  to  1.2  m. 

The  procedure  at  a  given  test  session  was  as  follows: 

1.  Pretest.   E  recorded  the  underwater  vocal  and  orientation 
behavior  of  a  free- swimming  animal  for  10  min. 

2.  Test.   Following  removal  of  the  animal  from  the  tank  and  place- 
ment of  the  mirror  outside  the  window  at  the  far  end  of  the  pool,  the 
animal  was  reintroduced  into  the  tank  and  E  tapped  at  the  test  window 
until  the  animal  gave  one  orienting  response.   Scoring  began  subsequent 
to  a  sea  lion's  initial  orientation  to  the  test  window  and  lasted  for 

20  min. 

3.  Post-test.   While  the  animal  was  taken  out  of  the  tank,  the 
mirror  was  removed  from  the  test  window.   The  animal  was  then  reintroduced 
into  the  tank  and  recording  was  resumed  as  in  the  pretest. 

One  session  was  run  on  each  of  two  consecutive  days. 

Repeated  attempts  to  elicit  orientation  to  the  mirror  from  sea  lion 
Sam  failed  and  this  animal  was  dropped  from  any  further  experimental  anal- 
ysis.  In  contrast,  both  Cathy  and  Bibi  showed  immediate  orientation  to 
the  mirror;  their  results  are  shown  in  Fig.  32.   The  figure  reveals  that 
a  mirror  reflection  may  increase  the  vocal  and  investigative  behavior 
of  Zalophus.   Each  of  the  animals  received  two  sessions  with  the  mirror. 
However,  Bibi  demonstrated  little  reaction  during  the  second  session  and 
the  data  from  that  session  are  not  shown  in  the  figure. 
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The  initial  reaction  from  both  animals  was  to  orient  to  the  mirror 
or  test  window  for  10  or  15  sec. ,  repeatedly  leap  out  of  the  water  and 
peer  over  the  edge  of  the  tank  and  then  return  to  look  at  the  mirror 
again.   This  sequence  occurred  three  or  four  times  and  gave  one  the  dis- 
tinct impression  that  the  animals  were  attempting  to  verify  or  locate  the 
substance  of  the  reflected  "sea  lion"  image.   This  activity  soon  yielded 
to  rapid  swimming  and  porpoising  accompanied  by  click  vocalizations. 
Both  animals  would  frequently  swim  approximately  5  to  6  m  away  from  the 
test  window,  swing  around  and  make  a  rapid  "run"  at  the  mirror,  either 
pausing  a  few  cm  in  front  of  it  or  making  a  sharp  turn  away.   In  many 
of  these  excursions,  the  animal  was  seen  to  move  its  head  back  and  forth 
spasmodically  in  front  of  the  test  window  as  in  a  threat  pattern.   During 
these  behavior  patterns,  clicks  were  often  produced  (sometimes  accompanied 
by  a  stream  of  bubbles  issuing  from  the  mouth)  when  an  animal  was  oriented 
either  toward  or  away  from  the  test  window.   The  animals,  particularly 
Cathy,  then  began  to  orient  to  the  other  windows.   Only  Cathy  was  observed 
to  click  during  such  orientations. 

Many  of  the  observations  just  described  are,  to  a  certain  extent, 
reflected  in  the  curves  of  Fig.  32.   Bibi's  clicking  and  orienting  res- 
ponses dropped  sharply  after  the  first  5-min- period  without  any  recovery. 
On  the  other  hand,  even  though  orientation  to  the  test  window  was  maximal 
during  the  initial  5-min- period  and  declined  thereafter,  click  production 
by  Cathy  did  not  reach  a  peak  until  the  third  5-min- period,  dropping 
sharply  during  the  last  test  period.   In  contrast  to  Bibi,  a  second  session 
with  Cathy  revealed  considerable  recovery  of  both  clicking  and  mirror- 
orientation.   Both  behaviors  decreased  to  what  presumably  was  an  asymptotic 
value.   Interestingly,  withdrawal  of  the  mirror  (post-test)  during  the 
first  session  resulted  in  an  increased  production  of  clicks  and  orientation 
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directed  toward  the  test  window.   Subsequent  recovery  of  these  behaviors 
occurred  on  the  following  day  during  the  first  few  minutes  of  the  pretest. 
The  foregoing  effect  may  be  viewed  as  a  frustration  reaction  occurring 
when  a  significant  "social"  stimulus  (mirror- image)  was  removed  (1). 

These  interesting  results  with  a  mirror  image  led  to  a  second 
"mirror"  experiment  in  which  two  back- to- back  mirrors  were  hung  vertically 
over  the  center  of  the  tank  and  submerged  71  cm  below  the  water  surface. 
The  general  procedure  was  nearly  identical  to  the  previous  experiment 
except  that  it  was  unnecessary  for  E  to  get  the  animal  to  orient  to  the 
mirror. 

Whereas  none  of  the  animals  emitted  underwater  vocalizations  during 
the  pre-  and  post-test  periods,  all  three  immediately  oriented  and  pro- 
duced underwater  click  vocalizations  upon  initial  exposure  to  the  sus- 
pended mirror  (see  Fig.  33).   Following  an  initial  burst  of  clicks  while 
approaching  the  mirror,  Sam  remained  silent  and  showed  no  further  interest 
in  the  mirror.   The  results  from  the  other  two  sea  lions  are  shown  in 
Figs.  34  and  35.   Again  it  is  clear  that  there  is  a  considerable  degree 
of  association  between  orientation  to  the  mirror  and  production  of  click 
trains.   The  most  salient  features  of  these  curves  indicate  that  both 
orientation  and  clicking:  a)  decrease  within  each  test  session;  b)  recover 
between  sessions;  and  c)  generally  decline  over  sessions.   Note  that  all 
animals  were  generally  more  responsive  when  the  mirror  was  in  the  tank 
than  when  it  was  covering  a  window  outside  the  tank.   In  addition  to 
clicking  vocalizations,  sharp  cracks  and  whinny  sounds  were  produced  by  Bibi, 

All  behavioral  patterns  occurring  when  the  mirror  was  presented  at 
the  window  were  repeated  with  the  mirror  in  the  tank.   In  addition,  the 
animals  contacted  and  manipulated  the  mirror  by  pushing  it  with  their 
noses,  biting,  and  occasionally  slapping  and  clasping  it  with  the  front 
flippers. 
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Summary  and  discussion.   In  these  studies  social  and  novel  stimuli 
were  found  to  elicit  underwater  click  vocalizations  from  the  California 
sea  lion.   In  general,  these  experiments  have  confirmed  the  notion  that 
clicking  and  other  types  of  underwater  vocalizations  by  Zalophus  are 
associated  with  this  animal's  social  and  investigative  responsiveness 
and  are,  therefore,  related  to  a  high  level  of  behavioral  and  presumably 
physiological  arousal.   Although  the  vocal  behavior  of  all  animals  tested 
was  considerably  increased  above  a  base-line  level  under  conditions  of 
social  interaction,  only  two  of  the  animals  showed  an  increased  vocal 
responsiveness  in  the  presence  of  a  "mirror"  stimulus,  and  only  one 
animal's  vocal  responses  appeared  to  be  substantially  affected  by  a  large, 
"strange"  object.   This  type  of  inter-animal  variability  in  connection 
with  Zalophus '  clicking  vocalizations  has  also  been  found  in  signal 
detection  and  discrimination  tasks.   Since  the  most  vocal  animal  in  the 
experiments  (Cathy)  had  previously  been  the  least  vocal  animal  of  the 
trio  until  it  had  been  conditioned  to  vocalize,  it  may  well  be  that  the 
threshold  for  eliciting  underwater  vocalizations  is  decreased  as  a  function 
of  previous  learning. 

Welker  (72)  lists  a  few  prominent  features  which  tend  to  characterize 
play  and  investigative  behavior:  a)  response  to  novelty;  b)  habituation; 
c)  recovery.   All  these  principles  have  been  amply  demonstrated  in  connec- 
tion with  Zalophus '  investigative  behavior  as  reflected  by  measures  of 
visual  orientation  and  specific  object  contact.   In  addition,  these  studies 
showed  that  the  underwater  click  vocalizations  of  Zalophus  also  conform  to 
these  principles.   Thus,  clicking  has  been  shown  to  occur  in  a  "novel" 
situation,  to  habituate,  and  to  recover  from  habituation.   In  fact,  the 
curves  for  Zalophus '  underwater  clicks  shown  in  Fig.  31  bear  a  resemblance 
to  the  cimpanzee  object-contact  curves  obtained  by  Welker  (71).   Moreover, 
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the  frequency  of  occurrence  and  the  type  of  investigative  behavior 
displayed  by  Zalophus  appear  to  be  similar  to  those  shown  by  other  modern 
Carnivora  (24). 

VII.   Does  Zalophus  Rely  on  an  Active  Sonar  System 

for  Purposes  of  Object  Detection  and  Discrimination? 
A.   Discrimination  Tests 

Previous  underwater  discrimination  tests  designed  to  demonstrate 
Zalophus *  ability  to  discriminate  between  circular  steel  discs  of  dif- 
ferent sizes  or  objects  of  different  sound-reflecting  characteristics 
by  means  of  active  sonar  alone  have  all  proved  negative  (59).   During 
these  tests,  in  order  to  permit  the  E  to  make  detailed  observations  of 
the  animal  as  it  swam  toward  the  target  area  and  at  the  same  time  to 
eliminate  visual  cues,  sea  lions  were  forced  to  make  their  discriminations 
1.2  to  1.5  m  from  the  targets.   This  testing  procedure  may  not  have  been 
adequate  for  meeting  the  needs  of  Zalophus f  active  sonar  system  especially 
if  this  system,  assuming  it  is  operational,  is  used  primarily  at  short 
ranges  as  indicated  by  Schevill,  et.al.,  (57).   However,  a  new  technique 
was  developed  which  eliminated  visual  cues,  allowed  detailed  observation 
of  the  animal  in  the  act  of  making  a  discrimination,  and  still  permitted 
the  animal  to  approach  as  close  to  the  targets  as  was  necessary  prior  to 
making  the  indicator  response  (striking  the  target).  This  technique 
allowed  Zalophus  to  sample  the  echo  characteristics  of  each  of  the  targets 
for  as  long  as  it  wanted  and  from  any  position  in  the  test  tank. 

The  technique  is  based  on  the  assumption  that  an  air-plexiglass 
target,  consisting  of  two  circular  discs  of  0.32-cm-thick  plexiglass 
laminated  in  such  a  manner  as  to  leave  a  0.32  cm  air  space,  forms  an 
excellent  impedance  mismatch  under  water  and  offers  a  far  stronger  echo 
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than  a  0.96-cm- thick  plain  plexiglass  disc  (22)  of  equal  size  and  shape. 
Since  the  two  targets  were  painted  black,  they  appeared  (visually) 
identical  and  testing  of  the  California  sea  lion's  ability  to  discrim- 
inate between  inanimate  targets  by  means  of  sonar  alone  could  therefore 
be  conducted  in  relatively  clear  water. 

The  animal  used  in  the  study  was  Bibi.   Prior  to  the  experiment 
proper,  the  animal  was  pretrained  to  emit  a  series  of  clicks  which 
terminated  only  when  it  pressed  against  the  target.   During  pretraining 
a  single  air-plexiglass  target  was  presented  and  Bibi  was  reinforced 
after  each  "clicking"  trial.   Following  pretraining,  the  animal  was 
presented  with  50  test  trials  per  day  for  21  days  intermixed  with  25 
"sample"  trials.   The  sample  trials  were  simply  presentations  of  the 
single  air-plexiglass  target  in  a  center  position.   The  test  trials 
consisted  of  simultaneous  presentation  of  the  air-plexiglass  target  and 
the  plain  plexiglass  target,  randomly  positioned  to  the  right  or  left. 
During  this  test  there  was  no  barrier  or  stimulus  divider.   Therefore, 
the  sea  lion  could  and  did  move  back  and  forth  between  the  two  visually 
identical  targets,  in  order  to  examine  each  prior  to  indicating  its 
choice.  Although  both  circular  targets  were  33  cm  in  diameter,  the 
air-space  surface  area  of  the  laminated  target  was  736.1  cm2.   Only 
choices  of  the  air-plexiglass  disc  were  reinforced  with  fish. 

The  animal's  performance  remained  at  a  chance  level  (51%  correct 
responses)  throughout  the  course  of  2050  test  trials.   This  occurred 
despite  the  fact  that  the  animal  emitted  click  trains  on  virtually  every 
trial.   During  a  typical  test  trial,  the  animal  would  begin  clicking 
as  soon  as  the  two  targets  were  presented.   Clicking  would  continue  as 
the  animal  approached  to  within  15  to  61  cm  of  a  target.   Frequently 
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moving  back  and  forth  between  targets  while  producing  a  continuous 
train  of  clicks  until  a  final  choice  was  made,  the  animal  often  appeared 
to  be  sampling  or  perusing  the  targets.   However,  on  the  basis  of  the 
results,  it  would  appear  that  this  behavior  was  a  method  of  "visual 
sampling"  and  not  "auditory"  or  "echo  sampling."   In  other  words,  the 
sea  lion  apparently  persisted  in  a  futile  attempt  to  detect  some  visual 
difference  between  the  two  targets. 

One  of  the  significant  sonar  responses  of  the  bottlenose  dolphin 

is  that  of  "auditory  scanning"  (31),  i.e.,  the  continuous  oscillation 

o 
of  the  head  at  about  5  on  either  side  of  the  median  plane.   Although 

this  scanning  movement  occurs  repeatedly  while  the  dolphin  emits  a  train 

of  clicks  and  is  swimming  toward  a  target  in  turbid  water,  such  behavior 

was  rarely  displayed  by  the  sea  lion. 

The  position  of  the  sea  lion,  while  it  was  still  emitting  clicks 
and  just  prior  to  indicating  its  target  choice,  was  such  that  the 
signal  (echo  from  the  target)  to  noise  (tank  reverberation)  ratio  should 
presumably  have  been  favorable  for  accurate  detection  and  discrimination. 
Since  the  crucial  aspect  of  any  active  biological  sonar  system  is  the 
degree  of  attention  paid  to  the  echo  information,  these  results  suggest 
that  Zalophus  does  not  habitually  or  innately  "pay  attention"  to  such 
available  echo- information.   On  the  other  hand,  it  may  be  argued  that 
since  these  tests  permitted  the  animal  its  full  visual  capabilities, 
reliance  on  or  the  seeking  of  visual  cues  interfered  with  the  animal's 
auditory  attention  processes.   For  this  reason  500  additional  test  trials 
were  given  with  underwater  visibility  reduced  to  a  distance  of  approximately 
1.8  m.  Again  the  animal's  performance  remained  at  a  chance  level  with  47% 
correct  responses. 
B.   Feeding  Tests 

On  several  grounds  it  may  be  argued  that  although  Zalophus  did  not 
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on  the  basis  of  active  sonar,  discriminate  between  the  sound-reflection 
characteristics  of  different  inanimate  objects,  it  can  detect  and  quickly 
find  food  fish  by  such  means  (50,51).   Several  tests  of  this  hypothesis 
were  conducted.   In  one  such  test,  each  of  three  California  sea  lions  was 
separately  allowed  to  view  a  single  whole  dead  herring  (about  25  cm  in 
length)  being  thrown  into  the  testing  tank  filled  with  clear  water,  and 
then  was  immediately  permitted  to  enter  the  pool.   This  procedure  was 
replicated  ten  times  for  each  animal  with  the  same  result,  that  as  soon 
as  an  animal  entered  the  pool  it  caught  and  ate  the  herring.   Following 
these  clear-water  tests,  visibility  in  the  water  was  reduced  to  a  distance 
of  approximately  10  to  20  cm,  and  each  animal  received  10  additional  trials 
in  turbid  water.   After  draining  the  pool,  from  6  to  9  untouched  fish  were 
recovered.   Underwater  sound  monitoring  during  both  clear  and  turbid 
water  testing  revealed  the  complete  absence  of  clicking  sounds. 

Further  tests  with  live  fish  yielded  similar  results.   Thirty  live 
mudsuckers  (Gillicthys  mirabilis) ,  about  13  to  15  cm  in  length,  were 
thrown  into  a  tank  of  perfectly  clear  water.   After  watching  the  fish 
being  thrown  in,  sea  lion  Sam  immediately  entered  the  tank  and  caught  and 
ate  18  fish  during  the  first  15  see, , 9  during  the  next  15  sec., and  3  during 
the  last  6  sec.   Thus,  Sam  ate  30  mudsuckers  within  36  sec.   Following 
this  the  animal  was  taken  out  of  the  tank  and  the  underwater  visibility 
was  reduced  to  a  maximum  distance  of  approximately  20  cm.   After  being 
shown  30  additional  fish  scattered  around  the  tank,  Sam  was  reintroduced 
and  remained  in  the  pool  for  a  period  of  135  sec.   The  animal  was,  there- 
fore, in  the  tank  during  the  turbid-water  condition  more  than  three  times 
as  long  as  during  the  clear-water  condition.   After  draining  the  pool,  17 
untouched  mudsuckers  were  found;  indicating  that  Sam  had  caught  and  eaten 
only  13  of  the  30  live  fish  during  a  period  of  135  sec.   In  order  to  be 
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sure  that  Sam  was  not  food  satiated  during  the  turbid-water  test,  the 
tank  was  refilled  and  the  clear-water  condition  was  repeated  with  9 
mudsuckers  being  thrown  in.   Sam  caught  and  ate  all  9  within  10  sec. 
of  reentering  the  tank. 

This  same  experimental  procedure  was  repeated  with  sea  lions  Bibi 
and  Growler  with  virtually  the  same  results.   Neither  Sam  nor  Growler 
produced  any  clicking  sounds  in  either  clear  or  turbid  water.   Bibi, 
however,  did  produce  rather  long  trains  of  clicks  in  turbid  water,  but 
performed  no  better  than  the  "nonclickers. "  In  summary,  then,  three 
California  sea  lions  were  considerably  more. efficient  in  their  catching 
and  eating  of  live  mudsuckers  in  clear  water  than  in  extremely  turbid 
water.   Furthermore,  two  of  the  three  animals  were  still  capable  of 
finding  almost  50%  of  the  available  fish  without  emitting  a  single  pulsed 
sound. 

In  order  to  determine  whether  the  sea  lions  were  capable  of  finding 
"all"  the  mudsuckers  in  turbid  water,  permitting  a  maximum  visibility  of 
20  cm,  Bibi  and  Growler  were  separately  placed  in  the  tank  under  such 
conditions  with  a  total  of  40  mudsuckers  for  a  period  of  50  min.  Again, 
underwater  monitoring  revealed  click  emission  by  Bibi  but  not  by  Growler. 
Draining  of  the  tank  indicated  that  each  sea  lion  had  caught  and  eaten 
every  fish  that  had  originally  been  placed  in  the  tank  with  it.   Thus, 
given  long  enough  time,  Zalophus  was  capable  of  detecting  and  catching 
live  mudsuckers  even  when  the  visibility  was  extremely  limited.   Since 
the  mudsucker  is  primarily  a  bottom-dweller,  it  may  be  presumed  that  each 
of  the  sea  lions  made  an  exhaustive  visual,  tactile,  or  olfactory  search 
of  the  bottom  of  the  pool.   The  mudsucker  is  not  known  to  produce  loud 
sounds  (Marine  Poland  Fish,  personal  communication)  and  it  is  therefore 
unlikely  that  their  detection  by  Zalophus  occurred  on  the  basis  of  passive 
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sonar — although  this  remains  a  possibility.   At  any  rate,  these 
experiments  do  suggest  that  Zalophus  is  much  more  efficient  in  finding 
food  by  visual  means  than  by  active  sonar,  and  that  it  can  find  live  fish 
under  extremely  poor  visibility  conditions  regardless  of  whether  it  pro- 
duces sound  pulses. 

In  summary,  Zalophus  has  failed  to  demonstrate  active  sonar  under 
conditions  which  would  logically  motivate  its  use.   It  has  failed  to  use 
sonar  to  discriminate  between  inanimate  objects  or  when  seeking  live  or 
dead  food  fish.  Although  these  findings  cannot  be  interpreted  as  a  proof 
that  this  sea  lion  has  no  sonar  system,  they  raise  a  question  as  to  the 
degree  to  which  these  animals  rely  on  such  a  perceptual  tool  and  the 
conditions  which  must  prevail  before  it  is  brought  into  operation. 

VIII.   Concluding  Remarks 

A  program  of  laboratory  research  has  been  conducted  to  shed  light 
on  the  sensory  and  perceptual  avenues  used  by  the  California  sea  lion 
( Zalophus  calif ornianus)  for  purposes  of  gaining  information  about  its 
underwater  environment.   Demonstrations  establishing  the  use  of  active 
sonar  by  the  porpoise  (Tursiops  truncatus)  and  other  cetaceans  as  a  dom- 
inant perceptual  instrument  have  led  students  of  marine  mammal  behavior 
to  suspect  that  Zalophus ,  as  well  as  other  pinniped  forms,  is  also  endowed 
with  the  ability  to  generate  a  sound  signal,  listen  to  the  resulting  echoes 
and  thereby  detect  and  discriminate  between  different  underwater  objects. 
This  was  especially  true  once  it  was  demonstrated  that  Zalophus  was 
capable  of  producing  sounds  under  water  which  had  certain  characteristics 
in  common  with  the  sonar  clicks  of  the  porpoise. 

Results  of  laboratory  studies  described  in  this  paper  indicate  that 
the  California  sea  lion  has  rather  good  underwater  visual  acuity  and  is 
proficient  in  tasks  involving  visual  form  perception.   Further  data  and 
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observations  on  their  system  of  visual  orientation  suggest  that 
Zalophus  relies  heavily  on  visual  cues  for  the  purpose  of  making 
underwater  detections  and  discriminations.   Although  tests  of  under- 
water hearing  are  still  at  a  preliminary  stage,  results  so  far  indicate 
that  Zalophus '  perception  of  audio-direction  is  nearly  as  acute  as  that 
of  the  porpoise,  Phocaena.   On  the  other  hand,  controlled  tests  designed 
to  demonstrate  the  use  of  an  active  sonar  system  by  Zalophus  have  pro- 
vided only  negative  results  thus  far,  suggesting  that  its  active  sonar 
system,  if  it  is  operational,  is  rather  primitive  compared  to  that  of 
the  porpoise. 

The  question  then  arises  as  to  the  biological  significance  of  the 
sea  lion's  clicks  and  other  underwater  vocalizations.   The  view  I  have 
taken  is  that  clicking  is  part  of  a  single  system  of  calling  which  is 
elicited  by  stimulus  conditions  arousing  intense  or  prolonged  attention. 
This  approach  has  been  modeled  after  that  of  Andrew  (3,4,5).   Thus,  it 
was  suggested  that  underwater  click  production  is  related  to  a  general 
arousal  or  activation  of  Zalophus  as  well  as  being  one  aspect  of  the 
orientation  reflex  (49,66).   Studies  showing  that  clicks  occur  under 
experimental  conditions  designed  to  produce  intense  alerting  responses 
and  organismic  states  associated  with  conflict  and  frustration  tend  to 
support  this  argument.   Moreover,  the  finding  that  clicks  and  other 
apparently  more  intense  vocalizations  are  associated  with  social  inter- 
actions and  investigative  behavior  gives  further  confirmation  to  this 
hypothesis.   These  results  combined  with  the  findings  that  click  vocal- 
izations are  individually  distinctive  and  readily  subject  to  modification 
suggest  that  the  vocalizations  play  a  role  in  the  underwater  communication 
system  of  Zalophus. 
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Although  clicking  and  other  underwater  vocalizations  may  be  elicited 
by  numerous  unconditioned  stimuli,  experimentation  has  shown  that  clicking 
in  Zalophus  can  be  conditioned  and  that  such  conditioning  appears  to 
lower  the  threshold  for  the  future  evocation  of  such  vocalizations.   Since 
relatively  little  is  known  about  the  causation  and  development  of  sound 
production  in  those  mammals  that  demonstrate  a  prevalent  use  of  an  active 
biological  sonar  system,  e.g.,  bats  and  porpoises,  it  would  seem  quite 
desirable  to  determine  what  part  learning  plays  in  this  process.   I  believe 
that  studying  the  development  and  causation  of  click  emission  in  pinniped 
forms  may  possibly  give  us  information  relevant  to  the  genesis  of  biological 
sonar  not  only  in  pinnipeds,  but  possibly  in  other  mammalian  forms  as  well, 
particularly  the  cetaceans.   This  would  be  especially  true  if  selective 
pressure  were  such  that  certain  pinniped  forms  were  currently  in  the 
process  of  evolving  a  biological  sonar  system.   That  learning  may  play 
a  role  in  the  ontogenesis  of  the  bat's  sonar  system  (Myotis  lucifugus) 
is  suggested  by  Vincent,  who  states  that  "...the  greater  the  skill  of 
a  bat  at  avoiding  obstacles,  the  fainter  is  the  audible  component  of  the 
sound  it  emits.   In  the  same  way,  this  low-frequency  part  of  the  pulse 
is  more  important  in  young  bats  than  in  adults  (learning  perhaps)." 
(69,  p. 188).   These  speculations  make  us  increasingly  aware  of  the  need 
to  conduct  developmental  as  well  as  comparative  studies  of  the  animal 
sonar  system. 

Finally,  since  it  is  widely  recognized  that  various  species  within 
a  taxonomic  order  or  family  develop  diverse  adaptations  according  to  their 
particular  ecological  niche,  it  would  not  be  surprising  to  find  that  certain 
pinniped  forms  may  rely  on  an  active  sonar  system  to  a  much  greater  extent 
than  does  the  California  sea  lion.   A  likely  candidate  is  the  Weddell  seal 
( Leptonychates  weddell i) ,  which  produces  a  great  variety  of  underwater 
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sounds  (52)  and  is  capable  of  diving  to  depths  as  great  as  600  m 
under  the  ice  (37)  where  no  light  can  penetrate. 

IX.   Summary 

Reports  suggesting  the  efficient  use  of  active  sonar  by  the  sea 
lion,  Zalophus  calif ornianus,  have  led  to  research  aimed  at  determining 
their  underwater  perceptual  capabilities  and  the  factors  influencing 
their  emission  of  "sonar"  clicks.   Zalophus  has  relatively  good  visual 
acuity  and  is  capable  of  discriminating  and  classifying  a  variety  of 
stimulus  shapes.   Perception  of  audio-direction  by  Zalophus  is  nearly 
as  acute  as  that  of  the  porpoise,  Phocaena.   However,  tests  of  the  use 
of  active  sonar  by  Zalophus  have  yielded  negative  results  suggesting 
unfavorable  comparison  to  the  sonar  of  the  porpoise. 

In  addition  to  clicks  Zalophus  emits  other  underwater  vocalizations 
including  barks,  "buzzes",  "cracks",  and  a  "whinny"  sound.   Clicks  are 
likely  to  occur  during  difficult  detection  and  discrimination  tasks  as 
well  as  during  social  encounters  and  encounters  with  "novel"  stimuli, 
e.g.,  a  mirror.   All  these  stimulus  situations  appear  to  have  the  common 
characteristic  of  arousing  intense  or  prolonged  attention.   Moreover, 
underwater  click  emission  is  subject  to  control  by  means  of  operant 
conditioning  techniques.   These  studies  point  to  the  need  of  conducting 
developmental  as  well  as  comparative  studies  of  the  animal  sonar  system. 
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DISCUSSION 

by 
D.  KENSHALO 


There  are  at  least  two  different  ways  in  which  the 
subject  matter  of  this  session  can  be  viewed.   Dr.  Neuweiler 
has  implied  both  of  them.   The  first  point  of  view  is  that 
in  which  stimulation  of  other  sensory  systems  may  influence, 
either  for  better  or  for  worse,  the  functioning  of  the 
auditory  system.   The  second  viewpoint  is  that  of  the 
extent  to  which  the  active  process  of  echolocation  adds 
to  an  organized  knowledge,  gained  by  the  other  senses, 
including  audition,  of  the  environment. 

With  respect  to  the  first  point  of  view,  that  of  the 
interaction  of  sensory  modalities,  Dr.  Neuweiler  has 
pointed  out  the  immense  amount  of  interaction  which  must 
take  place  between  the  various  sense  modalities  in  the 
reticular  formation  of  the  midbrain,  thalamic  nuclei, 
motor  and  sensory  cortex.   Studies  of  the  activity  in 
single  cells  in  all  of  these  structures  have  shown  that 
they  respond  to  stimulation  of  several  of  the  senses. 
As  well  as  this  convergence  of  several  sense  modulations 
on  a  single  central  nervous  system  cell,  there  is  also  a 
divergence.   Stimulation  of  a  single  sense  modality  will 
produce  activity  in  widely  separated  parts  of  the  central 
nervous  system  (3).   This  suggests  that  one  should  expect 
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to  find  a  considerable  effect  of  the  stimulation  of  one 
sense  modality  upon  another  when  behavioral  (psychophysical) 
measurements  of  the  performance  of  one  of  them  are  made. 
However,  when  these  measurements  were  made,  the  effects 
of  stimulation  of  a  different  modality  upon  visual  acuity, 
or  absolute  thresholds  of  several  of  the  senses,  showed  a 
small  facilitation,  if  any  effect  was  produced  at  all  (8). 
The  effects  have  been  found  to  be  marginal,  at  best,  and 
may  simply  have  been  the  result  of  added  concentration 
on  the  task  due  to  the  distraction  of  the  additional 
sensory  stimulation,  rather  than  the  result  of  a  true 
interaction.   There  are  some  examples  of  interactions 
between  several  forms  of  stimulus  energy,  for  example, 
the  effect  of  temperature  of  the  solution  upon  the  gustatory 
threshold  or  the  effect  of  skin  temperature  upon  vibratory 
sensitivity.   It  is  not  likely,  however,  that  these  are 
due  to  interactions  in  the  central  nervous  system  between 
the  neural  messages  but  it  probably  takes  place  at  the 
receptor  level.   So,  in  spite  of  the  electrophysical 
evidence  which  suggests  that  activity  in  one  sense  modality 
should  affect  another,  behavioral  evidence  shows  that 
interaction  is  marginal,  if  it  occurs  at  all,  in  such 
simple  sensory  functions  as  acuity  and  threshold  (8). 

The  other  view  of  sensory  interaction  is  the  extent 
to  which  active  echolocation  augments  information  about 
the  environment  received  by  the  senses.   Here,  it  seems 
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from  Dr.  Neuweiler's  review,  there  is  convincing  experi- 
mental evidence  that  only  the  Microchiroptera  depend  heavily 
upon  echolocation  as  a  primary  system  for  spatial  orientation. 
Other  mammals  should  be  added  to  the  list.   Convincing 
experimental  evidence  has  been  presented  (6)  that  the 
bottlenose  dolphin,  Tursiops  truncatus ,  depend  heavily  upon 
echolocation  for  spatial  orientation  although  evidence 
concerning  the  extent  of  their  visual  acuity  is  meager. 
Because  of  their  vocalization,  feeding,  and  escape  habits 
(diving  to  depths  where  light  is  meager),  it  is  tempting 
to  include  many  other  genera  of  Cetaceans  in  the  group  of 
mammals  which  rely  heavily  upon  echolocation  for  spatial 
orientation.   This  field  is  literally  unexplored,  however. 

There  is  little  convincing  evidence  at  the  present  time 
that  other  orders  of  aquatic  mammals,  e.g.,  pinnipeds,  use 
echolocation  for  spatial  orientation.   Dr.  Shusterman's  excellent 
report  (this  symposium)  of  carefully  controlled  studies  with 
California  sea  lions,  Zalophus  calif ornianus ,  rules  out  any 
possibility  that  this  species  uses  active  echolocation  for 
purposes  of  target  location.   They  do  appear  to  possess 
an  auditory  localization  acuity  (listening)  at  least  as 
good  as  that  of  the  dolphin.   Insufficient  evidence  is 
presently  available  to  warrant  a  general  statement  concern- 
ing the  use  of  echolocation  by  other  pinnipeds.   Based 
only  on  reports  of  the  feeding  habits  of  the  Waddell  seal, 
it  appears  possible  that  they  use  some  sort  of  active 
acoustic  search  mechanism,  but  this  remains  conjecture. 
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Several  species  of  birds,  e.g.,  some  species  of 
cave  swiftlet  and  the  South  American  oilbird,  and  one 
species  of  mammal,  the  Flying  Fox  Rousettus ,  rely  on 
echolocation  only  when  the  other  senses,  primarily  vision, 
are  inadequate.   With  respect  to  the  South  American  oilbird, 
which  is  a  fruit  eater,  while  vision  may  be  of  importance 
in  its  navigation,  it  seems  reasonable  that  olfaction 
orients  it  to  its  food  source.   It  is  an  untrue  belief 
that  olfaction  in  birds  is  poor.   As  far  as  I  have  been 
able  to  trace  it,  this  erroneous  belief  arose  from  some 
observations  by  Audubon  that  turkey  vultures  were  unable 
to  locate  carrion  when  hidden  from  their  view  and,  further, 
picked  at  stuffed  skins  or  outline  drawings  of  animals. 
We  now  know,  from  electrophysiological  measurements  carried 
out  largely  by  Dr.  Tucker  (9)  at  the  Florida  State 
University  biophysics  laboratories,  that  a  wide  range  of 
species  of  birds,  including  blue  jays,  night  hawks, 
warblers,  sparrows,  gulls,  chickens,  sparrow  hawks, 
pigeons,  quail,  geese,  turkey  vultures,  black  vultures, 
ducks  and  crows ,  all  show  neural  activity  in  the  primary 
olfactory  neurons  to  concentrations  of  amyl  acetate  as 
low  as  or  less  than  those  which  will  produce  a  response  in 
the  rat  primary  olfactory  neurons.   (Concentrations  of 
10"3  fractions  of  vapor  saturation  at  20°  C) .   The 
olfactory  neural  information  is  available.   The  next 
question  is  whether  the  bird  uses  or  is  able  to  use  it. 
Only  behavioral  studies  can  give  that  answer.   Dr.  James 
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Smith,  of  the  Florida  State  University  psychology  labora- 
tories, together  with  Dr.  Tucker  (5),  have  succeeded  in 
producing  reliable  changes  in  the  pecking  behavior  of 
pigeons  when  concentrations  of  amyl  acetate,  comparable 
to  those  necessary  to  evoke  an  electrophysiological  response, 
were  introduced.   This  is  of  particular  interest  because 
previous  attempts  to  condition  a  response  to  olfactory 
stimuli  in  the  pigeon  have  generally  failed.   It  suggests 
that  until  now  we  have  not  known  how  to  ask  the  question 
in  behavioral  experiments .   This  and  other  evidence 
strongly  suggest  that  birds  can  obtain  information  via 
the  olfactory  sense  but  their  generally  excellent  vision 
makes  this  sense  the  primary  information  avenue. 

As  Dr.  Neuweiler  has  pointed  out,  the  structure  of 
the  eye  is  obviously  well  suited  for  portraying  the  spatial 
dimensions  of  the  environment  and  from  our  own  experiences 
we  know  how  heavily  we  depend  upon  vision  for  effective 
operation  in  this  space.   Yet  we  have  positive  evidence 
that  at  least  two  species  of  mammals  are  able  to  operate 
very  effectively  in  this  space  without  the  use  of  vision. 
Their  effectiveness  in  the  food  search  or  in  avoiding 
obstacles  is  not  appreciably  impaired  when  vision  is 
denied  ( 4 ,  6).   Both  porpoises  and  insectiverous  bats  have 
central  auditory  pathways  and  brain  centers  which  have 
developed  to  a  much  greater  extent  than  other  portions 
of  the  brain  (4,  6,  and  7).   This  suggests  the  development 
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of  acoustic  facilities,  even  beyond  those  of  man.   On 
the  basis  of  the  currently  available  information,  one  can 
only  speculate  on  the  direction  which  this  development  has 
taken.   Bilateral  neural  damage  of  the  human  auditory  cortex 
is  known  to  produce  profound  deafness.   Lower  mammals,  e.g., 
dogs,  cats,  and  rats,  can  be  made  to  respond  to  even  faint 
sounds  after  bilateral  temporal  ablation  suggesting  that 
in  animals  below  man,  simple  reflexes  and  conditioned 
responses  can  be  handled  by  subcortical  centers.   Results 
of  cortical  extirpation  on  frequency  discrimination  of  cats  are 
less  clear  cut,  although  Butler,  Diamond,  and  Neff  (1) 
present  evidence  that  even  massive  lesions  in  the  cortical 
auditory  areas  did  not  impair  frequency  discrimination. 
Bilateral  lesions  placed  in  the  cats'  auditory  association 
areas,  however,  produce  some  striking  debilitations  in 
auditory  localization  and  tonal  pattern  discriminations, 
e.g.,  high,  low,  high,  compared  to  low,  high,  low.   These 
are  the  types  of  discriminations  upon  which  bats  and 
porpoises  would  depend  in  moving  about  in  their  environment 
and  catching  prey.   As  well  as  functioning  in  this  capacity, 
the  well  developed  cortex  of  these  animals  may  provide  a 
type  of  auditory  spatial  memory,  as  described  by  Dr. 
Neuweiler  for  bats,  much  as  a  visual  spatial  memory  in 
man  is  experienced.   In  this  connection,  the  rather  poor 
auditory  localization  acuity  of  the  dolphin,  Phocaena 
phocaena,  reported  by  Dudok  van  Heel  (2),  of  8  -  10°  is 
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surprising  when  compared  to  the  3°  found  in  man  (.10).   This 
may  have  been  a  function  of  the  frequencies  which  he 
employed,  3500  and  6000  Hz,  as  well  as  the  conditions  of 
measurement  which  may  not  have  allowed  the  animal  to  use 
its  full  capabilities. 
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DISCUSSION 

by 

F.  WEBSTER 


INTRODUCTION 

The  means  by  which  animals  use  self-generated  vibrational 
signals  to  evaluate  their  environment  constitutes  a  large  and  expanding 
area  of  investigation.   The  portion  of  this  area  which  deals  with  signals 
in  the  sonic  or  ultrasonic  range  is  often  called  "sonar" — though  the 
definitions  of  sonar  are  often  extended  to  include  passive  listening 
and  are  sometimes  limited  to  the  use  of  water-borne  signals.   For  ex- 
ample, according  to  Horton  (23) : 

Systems  whereby  underwater  acoustic  energy  is  used  for 
observation  or  communication  are  known  as  sonar  systems.   The  word 
"sonar"  has  also  come  to  be  used  to  designate  the  principles  and 
practices  employed  in  the  design  and  operation  of  these  systems... 

The  term  "echolocation"  (15,55)  refers  to  spatially  oriented 

responses  guided  by  echoes  resulting  from  vibrational  disturbances  of 

a  mechanical  nature  generated  by  the  animal,  regardless  of  their 

frequency.   But  animal  echolocation  or  sonar  involves  many  sensory 

and  analytical  interactions.   The  common  view  that  the  sonar  system  is 

concerned  only  with  simple  temporal  or  spectral  analyses  of  direct  echoes, 

with  respect  to  some  standard  emitted  signal,  disregards  many  essential 

aspects  of  most  functioning  systems  in  animals.   The  present  discussion 

makes  no  attempt  to  deal  with  complex  signal-echo  relations  or  with 

the  details  of  signal  analysis.   Neither  does  it  try  to  resolve 
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technical  differences  between  "sonar"  and  "echolocation."   Rather,  it 
reviews  briefly  some  of  the  areas  of  the  animal  kingdom  where  echolocation 
or  sonar  may  play  a  role  in  orientation,  and  considers  some  of  the 
relations  which  may  exist  with  other  sensory  modalities  or  with 
formative  mechanisms.   It  deals  explicitly  with  the  papers  on  the 
general  subject  by  G.  W.  Neuweiler  (29)  and  R.  J.  Schusterman  (48). 

The  two  papers  under  discussion  report  selected  aspects  of 
animal  sonar  utilization  in  relation  to  other  sensory  mechanisms.   These 
inter-sensory  interactions  may  be  of  several  types.   In  some  instances, 
for  example,  data  from  one  sense  modality  contribute  information  which 
makes  the  other  modality  more  effective.   In  others,  one  sense  modality 
substitutes,  in  function,  for  another.   Thus,  when  light  fails 
completely,  echolocation  may  take  over  the  orienting  functions  normally 
supplied  by  vision.   In  still  others,  one  sense  modality  may  serve  an 
alerting  or  directing  function  for  other  sense  modalities.   For  some 
animals,  of  course,  echolocation  is  the  principal  orienting  mechanism 
with  respect  to  the  immediate  surroundings— with  vision,  olfaction,  etc., 
playing  only  limited  supplementary  roles.   The  present  papers  deal  with 
different  aspects  of  such  relations,  each  representing  somewhat  different 
concerns  and  emphases. 

The  paper  by  Dr.  Neuweiler  is,  to  a  large  extent,  a  review 
of  visual-auditory  interactions  in  certain  mammals  and  birds.   Of 
chief  concern  are  the  questions:   To  what  extent  are  the  sonar  system 
adequate  for  the  animals'  mobility  requirements?   Under  what  conditions 
and  to  what  extent  do  other  senses  (chiefly  vision)  supplement  sonar 
methods,  or  substitute  for  them?   The  paper  by  Dr.  Schusterman,  by 
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contrast,  deals  chiefly  with  a  single  species,  the  California  sea  lion, 
Zalophus  calif ornianus ♦   It  is  concerned  with  such  questions  as: 
How  adequate  are  the  emitted  signals  for  the  detailed  environmental 
probings  which  characterize  some  of  the  animal's  activities?  What  are 
the  directional  and  frequency  sensitivities  of  the  animal's  auditory 
system?  When  presented  with  a  precise  quantitative  task  (for  example, 
the  discrimination  of  two  similar-sized  targets)  does  the  animal  depend 
on  its  sonar  system  to  make  the  evaluation?  What  other  functions  may 
the  sonar-like  vocalizations  serve? 

The  two  papers  will  be  reviewed  from  several  broad  frames 
of  reference. 

In  order  to  systematize  such  a  review,  approaches  by  way  of 
three  general  questions  may  prove  useful.   First — To  what  extent  is  the 
potential  realm  of  animal  sonar  or  echolocation  sampled,  in  terms  of 
the  animal  kingdom  as  a  whole?   Second — To  what  extent  are  the  categories 
of  function  normally  associated  with  an  echolocation  system  covered? 
Third — To  what  extent  do  the  reported  investigations  provide  useful 
foundations  for  understanding  the  basic  nature  and  mechanism  of 
echolocation  functions? 

SONAR  AND  RELATED  SENSORY  MECHANISMS  IN  THE  ANIMAL  KINGDOM 

Before  reviewing  the  possible  range  of  sonar  use  in  the 
animal  kingdom,  we  must  state  what  kinds  of  orienting  information  are 
being  considered.   As  already  indicated,  the  use  of  passive  listening 
in  mobility  guidance  is  sometimes  included  as  part  of  the  sonar  system. 
Under  this  broad  interpretation,  much  of  the  domain  of  audition  in  most 
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animals  would  fall  within  the  field  of  discourse.   In  the  present 
discussion  active  sonar,  rather  than  mere  passive  listening,  is 
assumed  to  be  the  chief  realm  of  interest — along  with  infra-sonic 
echolocating  mechanisms  in  animals  particularly  sensitive  to  such 
disturbances.   The  self-generated  water  undulations  of  the  whirligig 
beetle  Gyrinus  (16)  are  thus  included,  even  though  the  frequencies  fall 
below  the  sonic  range  for  man  and  their  detection  is  by  a  non- 
acoustic  organ  (3).   It  must  be  borne  in  mind,  also,  that  partial 
echolocation  of  various  types  may  play  some  role  in  many  of  the  oriented 
responses  of  higher  animals.   Inevitably,  such  responses  are  influenced 
by  a  wide  variety  of  other  sensory  mechanisms  often  overlooked  in 
studies  of  echolocation.   Indeed,  the  field  of  animal  echolocation  or 
sonar  in  its  entirety  is  so  extensive,  and  yet  so  inadequately  explored, 
that  only  a  crude  sampling  is  possible  within  any  reasonable  scope  of 
discussion. 

Fig.  1  is  a  survey  of  selected  mammals  and  birds  in  which 
active  sonar  or  echolocation  has  been  suspected  or  demonstrated.   The 
various  animals  are  listed  in  part  by  systematic  position  (in  terms  of 
phylogenetic  classification)  and  in  part  by  representative  habitat. 
In  certain  instances  stress  has  been  placed  on  animals  which  spend 
significant  portions  of  their  time  in  underwater  search  or  travel,  since 
underwater  habitats  both  at  night  and  by  day  often  demand  orienting 
responses  under  conditions  where  vision  is  greatly  limited.   At  the  top 
of  Fig.  1  are  listed  topics  or  questions  which  pertain  to  the  use  of 
the  echolocation  system  and  the  possible  role  of  other  sensory  systems. 
The  regions  covered  by  the  two  papers  under  discussion  are  indicated,  to 
first  approximation,  by  separate  enclosing  lines. 
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Fig.  1.   SONAR  AND  SOME  SENSORY  RELATIONS  IN  MAMMALS  AND  BIRDS 

Left-hand  columns :   Examples  of  certain  animals  in  which  sonar  has  been 

demonstrated  or  suspected,  ordered  partly  by  habitat  and  partly  by 

phylogenetic  position. 

Top  designations:   Sonar  usage  and  possible  sensory  relations: 

Conditions :   types  of  situations  tending  to  elicit  sonar-type 

signals  (e.g.,  for  most  spatial  orientations,  during  extreme 
darkness,  in  special  situations,  etc.) 

Nature:   functional  emphasis  of  sonar  usage  (e.g.,  short-range 
navigation,  configural  evaluation,  obstacle  avoidance, 
object  recognition,  etc.) 

Em.  Signals :   compatibility  between  observed  signals  and  the 

animal's  guidance  or  evaluation  requirements  (e.g.,  in  terms 
of  frequency  or  wavelength  relative  to  objects  evaluated, 
pattern  variations  with  problem,  etc.) 

Audition:   corresponding  aspects  of  reception  and  analysis 
capabilities  of  the  auditory  system  (e.g.,  frequency 
sensitivities,  threshold  (6)  and  intensity  sensitivities,  etc.) 

Vision:   possible  visual  sensitivities  and  other  adaptations  which 
may  permit  adequate  visual  function  under  conditions 
sufficiently  adverse  to  suggest  the  need  for  collateral  or 
substitutive  guidance  by  other  senses. 

Olf . :   olfactory  capabilities  which  may  at  times  provide  primary 
guidance,  supplementary  indications  or  alerting  functions 
which  activate  other  guidance  mechanisms. 

T.K.T. :   tactile,  kinaesthetic  and  thermal  indications  which  may 
play  a  number  of  primary  or  collateral  roles  in  oriented 
guidance  of  an  animal — particularly  with  respect  to  the 
immediate  environment  or  in  mediating  between  distance 
guidance  and  direct  close-range  effects. 

Vibr. :   various  vibration  sensitivities  not  mediated  by  the  auditory 
system  per  se.   (although  chiefly  received  by  tactile- 
kinaesthetic  mechanisms  in  higher  animals,  in  certain  fish 
the  lateral  line  system  may  provide  echolocation-like 
functions  for  object  sensing  in  conjunction  with  self -generated 
water  disturbances.) 

Misc. :   miscellaneous  sensory  contributions  to  oriented  guidance, 

most  notably  the  role  of  the  vestibular  functions  in  integrating 
the  significance  of  many  sensory  indications  with  respect  to 
motion  by  the  animal. 

Mem. :   memory  functions  which  form  essential  aspects  of  oriented 

guidance:   either  in  maintaining  an  immediate  frame  of  reference 
or  in  providing  stored  representations  essential  to  meaningful 
sensory  evaluations. 

Enclosed  regions:   The  area  covered  by  the  main  portion  of  Dr. 

Schusterman' s  discussion  is  enclosed  by  the  upper  solid  black  lines; 

that  dealt  with  in  Dr.  Neuweiler's  discussion,  by  the  broken  lines 

of  the  two  larger  areas  below.   The  weighted  box  under  Pteropus  vision 

indicates  the  special  significance  attached  to  the  visual  dark 
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adaptations  of  this  bat  by  Dr.  Neuweiler.   (The  lines  for  Dr.  Neuweiler's 
area  are  very  approximate  and  include,  for  example,  the  water  shrews 
which  were  not  explicitly  discussed.)   The  hatched  line  for  porpoises  and 
dolphins  indicates  the  partial  reference  made  to  these  major  sonar 
users.   (For  discussion  of  other  animals  listed,  see  text.) 
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In  presenting  this  tabulation,  no  pretense  is  made  at  completeness 
neither  has  any  effort  been  made  to  fill  in  the  spaces  indicated.   Like- 
wise, in  pointing  to  the  regions  left  untouched  by  the  two  papers 
under  discussion,  no  criticism  is  implied,  since  the  authors  obviously 
had  to  limit  the  scope  of  their  material  in  order  to  make  any  detailed 
coverage  possible.   The  tabulation  represents  merely  a  suggestive 
outline  of  possible  echolocation  and  associated  sensory  inputs  with 
reference  to  a  sampling  of  mammals  and  birds. 

Starting  at  the  top  we  note,  first,  that  among  the  primates, 
one  known  echolocator  is  a  human  being  deprived  of  vision.   In  this 
connection,  certain  aspects  of  hearing  have  been  studied  extensively. 
Less  recognized,  however,  is  the  concommitant  or  collateral  use  of 
tactile,  kinaesthetic  and  vestibular  senses.   A  man  in  darkness  or  a 
man  who  is  blind  maintains  a  running  dead  reckoning  of  velocity  and 
directional  shifts  by  use  of  integrations  of  muscular  feedbacks  and 
vestibular  indications.   Moreover,  tactile  and  kinaesthetic  clues 
received  via  the  feet  keep  many  an  individual  on  the  beaten  path  in 
total  darkness — even  without  the  use  of  hearing.   Among  arboreal 
primates  and  Demoptera,  for  example  tree  shrews  and  flying  lemurs, 
little  is  known  about  the  possible  use  of  echolocation  under  conditions 
of  extreme  darkness.   Though  any  complete  system  of  echolocation  seems 
unlikely  in  these  creatures,  some  partial  use  remains  a  significant 
possibility. 

Listed  after  the  primates  are  some  marine  mammals,  notably  of 
the  orders:   Sirenia,  Pinnipedia  and  Cetacea — some  of  which  are  actually 
fresh  water  inhabitors.   The  Sirenia  (Manatees  and  Dugongs)  seem  to  have 
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largely  escaped  studies  of  echolocating  functions;  while,  at  the  other 
extreme,  some  of  the  Cetacea  are  among  the  best  studied  of  all  echo- 
locators  (30) .   Because  of  the  extensive  reports  on  echolocation  in  the 
Cetacea,  the  present  investigators  touch  on  such  data  only  for  rough 
comparative  purposes.   However,  the  need  for  comparative  studies  of 
echolocating  functions  in  sea  lions  and  porpoises  was  clearly  a  major 
stimulus  for  the  work  carried  out  by  R.  J.  Schusterman. 

Dr.  Schusterman' s  initial  step  was  to  select  types  of 
target  discrimination  tasks  known  to  be  handled  successfully  by  certain 
cetaceans  (25,  30).   When  turbid  water  was  used,  with  partitions  which 
excluded  effective  vision,  the  experimental  evidence  indicated  that  the 
animal's  sonar-like  system  could  not  provide  the  required  discriminations 
(47).   In  this  connection  Dr.  Schusterman  noted  that,  although  the  animal'; 
auditory  system  appeared  to  have  capabilities  not  too  different  from 
the  porpoises  (except  for  an  upper  frequency  limit  at  roughly  40  kc) , 
the  emitted  signals  tended  to  be  of  the  order  of  l/10th  the  frequency 
and  to  reach  only  about  l/10th  the  repetition  rate.   By  contrast,  the 
animal's  visual  discriminations  were  excellent  (49,  50).   Vocalizations 
which  the  sea  lion  emitted  were  clearly  related  to  uncertainty, 
novelty,  arousal-level,  frustration  and  social  factors.   Moreover,  they 
were  readily  conditionable.   The  fact  that  they  were  variable,  that  they 
were  used  for  unexpected  or  novel  conditions  and  that  they  were  so  readily 
conditionable  led  to  the  suspicion  that — for  this  species  at  least — 
an  echolocation  system  might  be  in  the  process  of  evolving,  but  that  in 
the  present  state  of  its  development  any  echolocation  function  must 
be  relatively  crude  with  respect  to  the  discrimination  function  tested. 
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It  is  important  to  note  that  the  experiments  were  chiefly 
restricted  to  one  type  of  experimental  task.   Moreover,  they  were 
largely  limited  to  one  species  of  pinniped  and  involved — as  do  most 
such  tests — a  relatively  artificial  set  of  surrounding  conditions. 
Schusterman  points  out  that  effective  sonar  systems  may  well  be 
characteristic  of  other  pinnipeds,  most  notably  the  Weddell  seal 
(Leptonychates  weddelli) .   The  suggestion  has  been  made  that  the  Steller 
sea  lion  and  the  elephant  seal  may  also  regularly  make  use  of  sonar 
functions  beyond  the  "orientation-reflex"  category  (usually  involving 
alerting  or  information-seeking  mechanisms)  which  seem  to  characterize 
many  of  the  sea  lion's  vocalizations.   Moreover,  even  in  the  California 
sea  lion,  Poulter  cites  a  number  of  situations  in  which  the  echolocation 
function  appears  to  be  the  main  guidance  procedure  for  target  pursuit 
(37,38,39).   Of  great  relevance,  also,  is  the  observation  that 
blind  sea  lions  appear  to  survive  essentially  as  well  as  those  with  full 
vision  (39) .   Possibly  these  are  examples  of  echolocation  functions 
extended  by  learning.   In  any  event,  we  must  conclude  from  these  various 
findings  that  the  full  role  of  sonar  among  the  pinnipeds  is  far  from 
being  adequately  understood  at  the  present  time. 

As  far  as  cetaceans  are  concerned,  a  fairly  extensive 
literature  exists.   However,  most  cetaceans  are  difficult  to  bring  into 
the  laboratory;  even  the  larger  porpoise  tanks  tend  to  constrain  the 
activities  of  a  30  meter  whale!   Here  it  appears  that  a  really  adequate 
comprehension  of  cetacean  sonar  must  await  the  time  when  miniaturized 
devices,  carried  by  animals  in  the  wild,  can  perform  functions  now 
undertaken  only  in  laboratory  situations. 
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Tabulated  next  in  Fig.  1  is  the  order  Chiroptera,  the  only 
true  aerial  mammals.   Long  separated  in  evolutionary  trends,  the 
orientation  systems  of  the  Microchiroptera  and  the  Megachiroptera  have 
evolved  along  separate  lines.   The  Microchiroptera  are  echolocating  bats, 
all  members  presumably  being  descended  from  insect-catchers,  though  some 
now  live  off  fish,  nectar,  fruit  or  the  blood  of  large  animals.   The 
Megachiroptera  are  visual  bats,  and  the  few  (of  the  genus  Rousettus) 
that  use  echolocation  do  so  only  when  the  surrounding  illumination  falls 
to  very  low  levels.   In  Fig.  1,  a  weighted  box  is  drawn  under  the  vision 
of  the  flying  fox  Pteropus .   Dr.  Neuweiler  has  made  careful  studies  of 
Pteropus  vision  and  has  concluded  that  it  is  exceptionally  well  adapted 
for  useful  perception  at  extremely  low  levels  of  illumination.   Indeed, 
a  human  observer  might  be  fooled  into  the  erroneous  impression  that 
effective  vision  must  be  impossible  under  conditions  where  the  bat  could 
actually  make  good  use  of  it.   If  the  same  holds  for  Megachiroptera  in 
general,  echolocation  would  not  be  required  for  survival  by  most  members 
of  this  sub-order,  which  characteristically  live  on  fruit.   As  already 
noted,  in  Rousettus  echolocation  is  used  chiefly  at  extremely  low 
illumination  levels- — notably  the  darkness  of  caves — and  is  produced  with 
the  tongue.   The  mechanism  is  thus  basically  unrelated  to  that  used  by 
the  Microchiroptera. 

To  Dr.  Neuweiler' s  discussion  of  the  Microchiroptera,  one  or 
two  remarks  should  perhaps  be  appended.   The  first  concerns  the  diversity 
of  signals  and  their  modes  of  utilization  among  the  various  members  of 
this  sub-order.   It  has  been  pointed  out  (58)  that  the  significant 
features  common  to  the  signals  of  all  insectivorous  bats  are  chiefly: 
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pulsed  form,  basic  tonal  structure  and  a  rapid  variability  which  keeps 
pace  with  the  nature  or  solution  of  an  echolocating  problem.   Among 
different  bats,  however,  great  diversity  exists  with  respect  to:   carrier 
frequency,  band-width,  range  of  pulse  durations,  duty  cycle,  amplitude 
pattern,  intra-pulse  transitions,  and  such  like.   However,  since  these 
considerations  are  well  covered  by  Griffin  (17)  and  in  the  current 
symposium  papers  by  Moehres  (27)  and  Pye  (43),  no  more  need  be  said  here. 

A  second  remark  concerns  the  nature  of  the  instant-to-instant 
signal  variabilities  mentioned  above.   The  rapid  adjustment  of  emitted 
signals  constitutes  a  major  point  of  difference  between  natural  and 
man-made  systems  of  echolocation.   One  view,  of  course,  is  that  such 
"dimensions"  of  variability  constitute  a  method  of  compensation  for  the 
reductions  in  dimensionality  and  channel  capacity  which  characterize 
the  auditory  system,  as  against  the  visual  system.   Another  way  of 
putting  this  is  to  say  that  advance  significance  is  assigned  to  the 
information  received  at  the  cochlea  by  mechanisms  which  pre-categorize 
the  incoming  acoustical  information  in  terms  of  instantaneous  signal 
features  and  related  response  requirements,  thus  reducing  the  decision 
field  which  designates  appropriate  action.   It  is  as  though  a  certain  set 
of  switchings  were  set  up  prior  to  echo  reception,  so  that  given 
stimulus  configurations  would  automatically  produce  three-dimensional 
categories  of  response  suitable  to  a  given  instantaneous  situation. 
One  aspect  of  this  procedure  might  be  conceived  as  a  sort  of  automatically 
adjusting  filter-focus  mechanism.   Among  the  features  cited  in  this 
connection  are:   the  timing  and  structure  of  the  emitted  pulses,  the 
action  of  the  external  ears,  the  action  of  the  middle-ear  muscles  and  the 
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cochlear  coding  adjustments,  presumably  mediated  by  the  olivo-cochlear 
bundle.   Most  such  functions  obviously  involve  interconnections  with 
other  sensory  systems  (tactile,  kinaesthetic,  etc.)  either  directly 
or  by  way  of  memory  functions.   There  can  certainly  be  no  doubt  that 
rapid  adjustments  of  the  outgoing  signals,  together  with  pre-selecting 
mechanisms  of  the  auditory  system,  provide  methods  for  speeding  the  match 
between  instant-to-instant  requirements  of  action  and  the  sensory  mech- 
anisms which  direct  the  action. 

Tabulated  next  in  Fig.  1  are  some  of  the  ground  mammals  which 
often  make  use  of  underground  burrows  or  other  darkened  regions:   members 
of  the  orders  Insectivora  and  Rodentia.   Dr.  Neuweiler  points  out  that 
one  form  or  another  of  active  echolocation  appears  to  play  some  role 
in  the  orientation  of  many  of  these  animals — at  least  under  certain 
conditions.   However,  by  comparison  with  primary  echolocators  (e.g., 
Microchiroptera) ,  both  the  echolocating  procedures  and  the  scope  of  the 
derived  information  are  greatly  limited.   Clearly,  the  capacity  to 
determine  required  jumping  distance  or  the  existence  of  an  open  end  of 
a  burrow  might  often  constitute  essential  survival  requirements  for 
such  animals.   Self-generated  sounds,  vocal  or  otherwise,  might  thus 
have  been  expected  to  form  part  of  their  orientation  mechanisms.   In 
some  instances,  interpretation  of  ground  vibrations  may  also  contribute 
to  a  knowledge  of  surrounding  configurations.   Although  evidence  exists 
that  some  of  the  animals  emit  ultrasound  and  that  many  may  make  use  of 
composite  sound  patterns  they  detect,  Dr.  Neuweiler  makes  it  clear  that 
much  further  experimental  work  will  be  required  before  the  range  and 
nature  of  echolocation  procedures  among  such  animals  can  be  fully  elucidated 
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The  role  of  other  sensory  modalities  in  spatial  orientation 
also  remains  uncertain.   For  example,  great  diversity  seems  to  exist  as 
to  the  use  of  olfaction  for  orientation  purposes.   Undoubtedly,  tactile 
impressions — particularly  those  received  by  way  of  the  vibrissae — are 
often  of  particular  importance.   Kinaesthetic  and  vestibular  memories 
appear  also  to  be  particularly  significant.   Dr.  Neuweiler  notes  that 
many  of  these  animals  restrict  most  of  their  activities  to  relatively 
small  spatial  regions.   Here,  the  animal's  memory  of  local  configurations 
may  permit  the  use  of  marginal  clues  with  very  limited  information 
content.   Undoubtedly,  sensitivities  to  thermal  gradients,  heat 
radiation,  temperature  and  air  currents  often  provide  different  aspects 
of  the  needed  clues.   The  orientation  problems  of  such  animals  are  thus 
assumed  to  be  far  less  demanding  than  those  commonly  encountered  by 
the  widely  ranging  animals  which  depend  on  keen  vision  or  highly 
developed  systems  of  echolocation. 

The  next  habitat  category  listed  in  Fig.  1  is  that  of  the 
mammals  adapted  for  fresh-water  dwelling  or  under-water  hunting.   Among 
the  least  investigated  of  this  category  are  the  various  water  shrews. 
Some  are  known  to  pursue  fish  actively  (56)  and  some  hunt  at  night. 
The  category  is  not  mentioned  by  Dr.  Neuweiler  because  the  existence  of 
echolocation  has  apparently  not  been  explored.   These  animals  are 
mentioned  here  only  because  they  are  likely  candidates  for  an  echo- 
location  function  in  spite  of  the  fact  that  their  external  ears  tend  to 
be  greatly  reduced  and  their  ear  canals  presumably  protected  by 
closure  while  under  water.   Just  as  the  water  shrews  are  water-dwelling 
representatives  of  the  mostly  land-dwelling  insectivores ,  so  the  beavers 
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are  water-dwelling  members  of  the  mostly  land-dwelling  rodents. 
Beavers  have  long  been  suspected  of  some  type  of  echolocation — possibly 
in  part  by  use  of  sharp  slaps  made  with  the  flat  tail.   Again,  because 
of  inadequate  evidence,  Dr.  Neuweiler  omits  mention  of  this  family. 
Besides  the  insectivores  and  rodents,  a  number  of  carnivores  (e.g., 
otters,  mink,  muskrats)  are  at  least  partial  water  dwellers  and  hunters. 
However,  once  again,  their  orientation  and  pursuit  mechanisms  remain 
relatively  little  explored.   Of  the  larger  mammals,  a  good  candidate 
for  underwater  echolocation  is  the  hippopotamus;  but,  as  with  those 
animals  just  cited,  adequate  evidence  is  thus  far  lacking.   From  this 
hasty  glance  at  some  water-dwelling  candidates  for  echolocation  we 
can  only  conclude  that  the  field  is  almost  totally  unexplored. 

Listed  next  are  the  echolocating  birds:   Steatornis  (the 
Oil  Bird  of  Caripe)  and  Collocalia  (Asian  swif tlet) .   As  noted  by 
Dr.  Neuweiler,  these  are  the  only  known  birds  which  use  active  echo- 
location  in  flight  and — as  might  be  expected — they  are  the  only  birds 
known  to  locate  roosts  in  the  total  darkness  of  caves.   Dr.  Neuweiler 
points  out  that — as  holds  with  the  bat  Rousettus — echolocation  in  these 
birds  is  initiated  only  at  such  low  levels  of  illumination  that  their 
normally  excellent  vision  becomes  inadequate.   Click  production  tends 
to  be  reversibly  correlated  with  illumination  at  these  low  levels.   In 
other  words,  echolocation  is  a  substitutive  function:   it  takes  over 
essential  visual  functions  only  when  vision  cannot  be  used.   It  is 
important  to  note,  however,  that  flight  in  dark,  confined  spaces  may 
not  be  the  sole  situation  where  echolocation  or  sonar  of  one  form  or 
another  plays  a  role  in  the  orientation  or  hunting  of  birds. 
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If  passive  listening  is  included — possibly  with  some  marginal  echo- 
locating  indications — the  following  categories  or  situations  might 
enter  consideration: 


SITUATION 

1.   Limited  environmental 

orientation  under  conditions 
of  flight  where  vision  is 
unusuable 


EXAMPLES  OR 
CANDIDATES 


Steatornis 
Collocalia 


CONDITION  OR 
LOCATION 


Dark  caves 


INVESTIGATORS 

Griffin 

Novick 

Medway 


2.  Supplementary  guidance  to 
vision  during  the  pursuit 
of  aerial  prey  at  night. 

3.  Underwater  echolocation  for 
detection  and  pursuit  of 
prey,  and  perhaps  for 
obstacle  avoidance. 


Primary  passive  listening 
to  action  disturbances  of 
prey,  with  the  possible 
collateral  use  of  inter- 
mittent active  clues  for 
spatial  evaluation. 

Transponder-type  trig- 
gering or  communication 
(in  which  another  member 
of  the  species — or  pos- 
sibly a  different 
"symbiotic"  animal — 
provides  orienting  infor- 
mation) . 

Passive  listening  to 
total  configuration  of 
sounds  (both  direct  and 
echoing)  made  by  other 
members  of  the  species. 


Nighthawks 
Swallows 


Diving 

petrels 
Cormorants 
Diving 

ducks 
Loons 
Auks 
Penguins 

Owls 


Least 
petrel 
(with 

petrels  or 
Pizonyx 
responding) 


Many  birds 


Late  dusk 
or  night 
hunting 

Underwater 
hunting 


Pursuit  of 
moving  prey 


Location  of 
roosting 
crevices  at 
night 


General 
location  of 
roosting 


Poulter 
Payne 
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Little  direct  evidence  has  been  obtained  regarding  the 
possible  use  of  echolocation  either  in  the  aerial  night  hunters  (e.g., 
certain  nighthawks)  or  in  the  underwater  hunters  (e.g.,  diving  petrels). 
However,  Poulter  (personal  communication)  has  noted  that  some  penguins 
are  capable  of  rapid  location  of  underwater  food  in  total  darkness  under 
conditions  where  other  collateral  clues  appear  to  be  absent.   Our  own 
efforts  to  detect  ultrasonic  clicks  during  apparent  hunting  by  night- 
hawks  under  conditions  of  low  illumination  have  thus  far  yielded  negative 
results.   Further  studies  of  possible  echolocation  during  the  pursuit  of 
prey  in  darkness  are  clearly  needed. 

The  work  of  Payne  (34)  has  shown  that  the  barn  owl  (Tyto  alba) 
is  capable  of  highly  accurate  captures  of  moving  objects  in  total 
darkness — provided  that  the  requisite  kinds  of  sound  are  produced  by  the 
motion  of  the  objects.   No  usable  sound  is  made  by  the  birds  during  such 
pursuits;  but  some  question  remains  as  to  how  the  general  spatial  con- 
figuration of  the  flight  space  is  evaluated.   Experiments  by  Curtis  (10) 
indicate  that  echolocation  is  not  used  in  flight  and  that  obstacles  are 
struck  at  chance  level  when  the  owls  are  flown  in  total  darkness. 
Clearly  the  owl's  primary  orientation  sense  in  total  darkness  is  passive 
listening,  and  if  some  marginal  form  of  echolocation  from  self-generated 
sounds  is  used,  it  must  play  a  very  limited  role. 

Question  has  long  been  raised  as  to  how  birds  return  to  a 
specific  nesting  spot  when  the  features  which  identify  a  precise  location 
appear  virtually  undetectable  to  human  perception.   The  problem  seems 
even  more  acute  when  the  nesting  location  must  be  identified  in  darkness 
too  dim  for  human  vision.   One  obvious  example  is  found  in  the  least  petrel 
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which  often  nests  in  large  rock  slides  on  islands  in  the  Gulf  of 
California.   The  assumption  has  been  made  that  when  one  mate  returned 
early  at  night  from  feeding  on  the  waters  of  the  Gulf,  the  other  mate 
(which  had  remained  at  the  nest)  recognized  an  identifying  call,  as  has 
been  observed  with  other  petrels,  and  answered  back  (1,  2).   One  difficulty 
is  that,  in  this  situation,  the  requisite  calls  are  often  not  detectable 
by  human  listeners.   It  has  been  noted,  however,  that  in  certain  locations, 
such  as  Partida  Island,  the  roosts  are  shared  jointly  with  Pizonyx 
vivesi — the  Myotis-like  fishing  bat  which  inhabits  the  region. 
Starting  immediately  after  dark,  and  continuing  with  some  variability 
thereafter,  is  an  almost  continuous  barrage  of  clicks  which  are  emitted 
by  the  Pizonyx  remaining  in  the  roosts.   Some  relation  appears  to  exist 
between  the  arrival  of  birds  and  the  density  of  clicks — but  the  nature 
of  the  causality  has  not  been  established.   One  hypothesis  is  that 
the  returning  birds  emit  ultrasonic  clicks  which  trigger  off  the  cries 
of  the  bats,  and  that  these,  in  turn,  provide  guidance  for  the  birds. 
Though  the  birds  are  capable  of  emitting  low-intensity  ultrasonic  clicks 
with  their  beaks,  this  kind  of  inter-animal  symbiosis  seems  to  represent 
an  unlikely  kind  of  relationship.   For  one  thing,  the  sensitivity  of 
the  petrels'  hearing  to  sounds  of  the  order  of  20  kHz  has  not  been 
established.   Most  birds  have  been  found  insensitive  to  sounds  of  such 
frequencies  (6,  41).   The  possibility  is  mentioned  chiefly  to  indicate 
another  potential  kind  of  acoustical  guidance  which  might  be  interpreted 
as  an  indirect  sonar  function. 

Dr.  Neuweiler  makes  no  mention  of  creatures  other  than  mammals 
and  birds.   Indeed,  below  the  mammals  and  birds,  there  is  little  direct 
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evidence  of  well-developed  active  sonar  in  the  animal  kingdom.   This 
seems  somewhat  surprising  since  many  other  animals,  both  vertebrate  and 
invertebrate,  live  and  hunt  actively  in  regions  where  vision  is  unusable, 
or  virtually  so.   Such  is  clearly  the  case  with  numerous  water  living 
creatures:   notably,  certain  of  the  fish,  Amphibia,  and  arthropods. 

In  1955,  Griffin  reported  paired  sounds  from  a  deep  marine 
source  (14) .   He  tentatively  designated  the  sound-emitting  creature  an 
"echo  fish"  and  suggested  that  the  signals  might  be  used  for  deep  water 
echo-ranging  in  the  ocean.   Though  many  sounds  have  been  recorded  from 
other  fish  and  from  Crustacea  living  in  the  sea  (28)  ,  echolocating  functions 
within  the  range  of  sonar  frequencies  have  thus  far  not  been  definitively 
established.   Considerable  interest,  however,  has  focused  on  the  lateral 
line  organs  of  fish.   These  organs  are  highly  sensitive  to  vibrational 
disturbances  and  may  sometimes  respond  to  the  reflected  effects  of  self- 
induced  motions.   Many  fish,  of  course,  also  derive  important  guidance 
from  highly  developed  olfactory  systems,  and  a  number  have  developed 
forms  of  sensory  mechanisms  of  radically  different  types;  for  example, 
the  use  of  internally  generated  electrical  fields.   As  yet,  however,  the 
possible  use  of  sonar  in  the  lower  marine  creatures  remains  largely 
unexplored. 

There  is  one  specialized  habitat,  often  characterized  by 
complete  darkness,  to  which  a  limited  number  of  animal  species  have 
made  special  adaptations.   The  animals  under  consideration  are  the  true 
cave  dwellers,  or  "troglobites . "   Selecting  two  reasonably  matched  fish — 
one  a  true  cave  dweller  and  the  other  partially  adapted  to  cave  life — 
Poulson  (26,  35,  36)  attempted  to  define  the  neural  and  sensory 
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differences.   Initial  conclusions  were  that  in  the  true  cave  dweller 
the  following  functions  had  tended  to  hypertrophy:   olfaction  (with 
olfactory  brain  center  more  complex) ,  lateral  line  system  (with  external 
receptors,  or  neuromas ts,  greatly  increased  in  number  and  sensitivity; 
"vibration  center"  characterized  by  larger  nerve  cells) ,  vestibular 
system  (with  both  the  peripheral  and  central  mechanisms  markedly  increased 
in  size)  .   The  true  cave  dweller  also  appeared  to  have  a  significantly 
increased  short-term  memory  system  and  the  capacity  to  find  its  way  amidst 
obstacles  without  collision.   Such  a  skill  may  derive  from  a  form  of 
active  echolocation  based  on  interpretations  of  water  disturbances 
produced  by  the  fins.   Although  such  a  comparison  represents  but  a 
single  and  inadequately  explored  example  of  integrated  sensory 
adaptations  to  darkness,  it  is  nevertheless  of  considerable  interest  in 
the  present  context;  and  may  well  provide  clues  to  certain  kinds  of 
adaptations  likely  to  be  associated  with  evolutionary  deprivation  of 
visual  functions. 

Before  closing  this  rough  survey  of  possible  echolocators  in 
the  animal  kingdom,  mention  should  be  made  of  the  most  numerous  and 
diverse  class  of  arthropods:   the  insects.   The  insects  have  evolved  a 
number  of  specialized  sensory  systems,  and  it  seems  quite  possible  that 
several  forms  of  echolocation  will  eventually  be  discovered.   Obstacle 
detection  by  actively  induced  undulations  at  the  surface  of  the  water 
by  Gyrinus  (16)  has  already  been  mentioned.   Of  potential  interest  also 
are  some  speculations  as  to  the  possible  use  of  some  form  of  ultra- 
sonic echolocation  by  those  moths  which  are  sensitive  to  ultrasonic 
frequencies.   Noctuids,  geometrids,  and  arctiids  typically  fly  at  night 
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and  possess  sensitive  tympanic  organs.   One  of  their  major  survival 
problems  is  the  escape  from  insect-catching  bats,  and  the  moths  often 
go  through  a  diversity  of  gyrations  upon  hearing  the  emitted  signals 
of  an  approaching  bat  (45,  57).   Frequently  these  gyrations  are  carried 
out  close  to  twigs,  pine  needles  and  such  like — and  question  naturally 
arises  as  to  whether  the  moths  always  fly  indiscriminately  into  such 
obstacles,  or  whether  they  may  sometimes  detect  them  before  contact. 
When  light  is  present,  they  often  seem  to  skirt  such  obstacles  without 
collision;  but  such  avoidance  is  presumably  guided  by  vision.   If 
avoidance  is  also  achieved  in  darkness,  some  form  of  ultrasonic  detection 
might  logically  be  implicated.   One  suggestion  is  that  such  moths 
could  use  the  interval  pattern  produced  by  the  time  differences  between 
direct  hearing  of  the  bat's  signals  and  indirect  hearing  of  echoes  from 
nearby  objects.   Again,  however,  any  evidence  for  such  detection 
is  yet  to  be  obtained. 

To  recapitulate  briefly:   acoustical  or  vibratory  orientation 
by  the  use  of  self-generated  disturbances  of  the  surrounding  medium 
appears  to  play  some  role  in  the  mobility  guidance  of  a  great  diversity 
of  animals.   The  fact  that  relatively  complete  acoustical  guidance  is 
limited  to  a  few  sub-orders  (certain  Cetacea  and  the  Microchiroptera) 
has  tended  to  obscure  the  partial  role  of  such  mechanisms  in  the 
activities  of  many  other  animals.   In  addition,  the  common  misconception 
that  echolocation  systems  function  in  essential  isolation  from  other 
sensory  and  central  processing  components  tends  to  give  a  distorted 
view  of  their  true  role.   Various  kinds  of  interaction  and  exchange 
have  been  noted.   In  some  instances  vision,  olfaction  or  tactile 
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mechanisms  provide  guidance  clues  which  supplement  or  partially 
replace  clues  from  active  echolocation  mechanisms.   Undoubtedly, 
infra-sonic  echolocation  mechanisms  often  provide  orienting  information 
in  conjunction  with  other  orienting  systems;  and  passive  listening  certainly 
plays  a  frequent  and  essential  orientation  role  in  most  of  the  higher 
animals  which  use  echolocation  (60).   It  is  important  to  remember,  also, 
that  learning  and  memory  constitute  essential  ingredients  without 
which  much  of  an  animal's  echolocating  indications  would  be  quite 
useless.   The  two  papers  under  discussion  have  provided  examples  of  these 
considerations;  but  they  have  dealt  with  them  chiefly  at  the  gross 
behavioral  level,  and  they  have  covered  only  portions  of  the  animal 
kingdom.   Perhaps  we  know  as  yet  too  little  about  the  detailed 
mechanisms  of  inter-sensory  interactions  to  say  just  how  an  echo- 
location  system  operates  in  relation  to  other  sensory  modalities. 
However,  the  comparative  behavioral  approach — taken  together  with 
neurophysiological  findings — seems  likely  to  give  increasing 
comprehension  of  how  echolocation  systems  arise  and  how  they  come  to 
work  in  an  integrated  way  in  conjunction  with  other  mechanisms. 

REVIEW  OF  ECHOLOCATION  OR  SONAR  FUNCTIONS 


The  second  question  raised  at  the  outset  concerned  the 
categories  of  function  normally  associated  with  an  echolocation  system. 
Up  to  this  point,  only  limited  reference  has  been  made  to  the  kinds  of 
function  which  might  logically  fall  into  the  field  of  discourse.   One 
thing,  however,  is  clear:   the  histories,  both  of  man-made  echo- 
location  systems  and  of  natural  echolocation  studies,  have  been 
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characterized  by  a  tendency  toward  progressive  increase  in  the  scope  of 
the  functions  or  features  dealt  with.   For  example,  the  early  stages  of 
radar  development  were  concerned  with  the  mere  detection  of  an  airborne 
object  by  use  of  a  continuous  wave  (CW)  system  (51)  .   The  introduction 
of  pulsed  radar  immediately  resulted  in  a  pulse-echo  ranging  function, 
and  angle  determination  followed  directly.   However,  angular  accuracy 
was  poor,  and  early  fire-control  radars  were  commonly  used  in  conjunction 
with  searchlights.   Angular  evaluations  normally  called  for  some  kind  of 
servo  antenna  control,  with  timing  and  directional  indications  suitably 
linked  to  display  presentations  or  fire-control  mechanisms. 

To  be  effective,  of  course,  not  only  the  instantaneous  detection 
accuracy,  but  also  the  speed  of  operation  and  the  predictive  capacities 
of  the  system  had  to  keep  pace  with  the  kinds  of  dynamic  problems 
presented.   Moreover,  the  resolution  of  multiple  targets,  the  rejection 
of  clutter  echoes  and  the  suppression  of  jamming  interference  had  to  be 
handled.   Rapid  and  versatile  central  processing  methods  thus  came  to 
form  essential  components.   Identification  and  classification  of  detected 
objects  called  for  the  association  of  active  radar-evaluation  with 
passive  reception  and  with  assigned  memory  functions.   The  IFF 
identification  system  was  a  good  example.   With  increasing  automaticity , 
evaluations  of  multiple  airborne  objects  were  sorted  into  classes, 
under  computer  control,  according  to  their  paths  and  functional  categories , 
Interception  commands,  and  associated  tracking,  were  also  integrated 
into  the  total  radar  picture.   As  the  domain  of  radar  expanded,  so  did 
the  opportunity  for  interaction  with  functions  beyond  the  strict  core 
of  echolocation  proper. 
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Bypassing  the  details  of  radar  systems,  we  may  next  consider 
the  more  general  categories  of  function  with  which  modern  treatments 
of  radar  typically  deal  (5,  40).   The  following  is  a  representative  list 
of  functions  or  categories  discussed. 

1.  Detection  and  localization  of  objects,  masses  and  boundaries 
(as  of  rain  fronts) ; 

2.  Identification  of  discrete  objects  directly  from  echo 
properties ; 

3.  Mapping  of  broad  configural  relations; 

4.  Evaluation  of  navigational  indications  (combining  #1,  2  and  3 
above  with  other  information  as  an  aid  to  determining  a 
suitable  course  of  travel; 

5.  Communication:   the  use  of  coded  indications  in  the  transmitted 
signal; 

6.  Direct  tracking  of  moving  objects; 

7.  Indirect  tracking  and  configural  evaluation:   the  use  of 
reflected  energy  that  has  been  transmitted  from  a  source  other 
than  the  immediate  system; 

8.  Passive  detection  of  signals  that  may  be  associated  with  a 
particular  set  of  echoes  (as  used,  for  example,  in  the  IFF 
identification  system) ; 

9.  Information  relay:   as,  for  example,  in  the  transmission  of 
partial  indications  to  a  more  comprehensive  or  central  processing 
system. 

In  addition,  specific  categorization  is  often  made  of  important 

considerations,  such  as: 

10.  Clutter  rejection:   the  separation  of  desired  echoes  from 
undesired  competing  echoes; 

11.  Resolution  of  multiple  objects  (including  separations  of  the 
figure-ground  type) ;  and 

12.  Noise  suppression:   the  isolation  of  desired  signals  from 
disturbances  that  are  largely  unrelated,  in  detailed  structure, 
to  these  signals. 


648 


Though  the  specific  contexts  of  radar  functions  are  often 
different  from  those  tabulated  under  animal  sonar  or  echolocation,  there 
is  a  general  parallelism  between  the  categories  listed  above  and  the 
kinds  of  things  which  form  parts  of  our  more  general  concepts  of  the 
echolocation  functions  of  animals. 

As  viewed  from  a  biological  point  of  view,  the  echo- 
locating  requirements  of  an  animal,  such  as  an  insectivorous  bat  (58), 
usually  fall  into  categories  such  as  the  following: 

1.  Detection  and  evaluation  of  specific  objects  (commonly  potential 
prey) 

a.  Detection:   awareness  of  objects  within  range; 

b.  Localization:   placement  in  range,  azimuth  and  elevation; 

c.  Identification:  as,  for  example,  in  terms  of  size, 
shape,  texture,  action; 

d.  Resolution:   separation  from  other  nearby  objects  or  from 
background; 

e.  Evaluation  of  relative  paths  (often  the  basis  for 
predictive  capture) . 

2.  Avoidance  of  discrete  obstacles:   the  detection,  localization 
and  sometimes  recognition  of  objects  to  be  avoided. 

3.  Evaluation  of  configurations:   a  'wide-angle'  view  of  general 
configurations  ahead  insofar  as  they  dictate  or  limit  the 
immediate  path  of  travel. 

4.  Short-range  navigation:   orientation  with  respect  to  landmarks, 
as  a  guide  to  maintaining  a  course  of  travel.   (Range  limitations 
are  set  by:   (i)  dispersion  and  scattering,  which  often 
introduce  third  and  fourth  power  losses  as  a  function  of  distance, 
and  (ii)  attenuation  by  surrounding  medium  which  reaches 
several  decibels  per  meter  in  air,  though  only  about  1/200  as 
much  in  water  at  the  ultrasonic  frequencies  of  chief  concern) . 

As  was  true  with  the  radar  functions  listed,  several  performance 

considerations  enter  the  biological  picture.   For  example: 

5.  Clutter  rejection  (as  in  the  pursuit  of  prey  close  to  a  complex 
of  obstacles) ; 

6.  Separation  of  desired  signal  from  competing  signals  from  other 
emitters  (usually  other  nearby  animals  of  the  same  species) ; 
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7.  Noise  suppression  (though  unstructured  wideband  noises  are 
uncommon  in  nature) ; 

8.  Time  constraints  (the  common  need  to  perform  evaluations 

and  direct  action  within  intervals  that  are  short  relative  to 
the  maximum  possible  processing  speed) ; 

9.  Predictive  evaluation  of  relative  motion  (for  example,  the 
capacity  to  evaluate  acceptable  paths  of  pursuit,  where 
target  speeds  approach  pursuit  speeds  while  pursuit  paths 
are  constrained  by  surrounding  configurations) . 

Regarding  the  selection  of  echolocation  functions  used  in 
their  discussions,  Dr.  Neuweiler  and  Dr.  Schusterman  make  little  explicit 
reference  to  just  which  aspects  of  the  total  domain  of  sonar  or  echolocation 
are  under  consideration.   From  the  context  of  his  discussion,  it  is 
clear  that  Dr.  Neuweiler  is  chiefly  concerned  with  what  we  might  call 
local  orientation:   the  capacity  of  an  animal  to  find  its  way  about  its 
immediate  environment  and  avoid  collision  with  obstacles.   Sensory  inter- 
actions are  considered  in  terms  of  when  and  how  they  might  add  to 
the  orienting  sonar  information  or  substitute  for  it.   Dr.  Neuweiler 
also  touches  on  the  role  of  memory,  but  points  out  that  stored  representa- 
tions of  sensory  or  perceptual  impressions  belong  in  a  different  category 
from  the  direct  orienting  or  mobility-guiding  mechanisms  which  form 
the  immediate,  basis  of  sensory  guidance. 

Dr.  Schusterman  focuses  much  of  his  attention  on  one 
functional  category:   the  identification  of  discrete  objects.   Little 
reference  is  made  to  the  other  categories  of  function  which  are  typically 
considered  part  of  the  job  of  an  echolocating  system.   However,  Dr. 
Schusterman  goes  on  to  deal  with  important  additional  features  of 
natural  echolocating  systems  which  generally  escape  consideration: 
namely,  the  formative  or  shaping  functions.   Actually,  he  considers 
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INTERPRETATION 


ECHO-RANGING    MECHANISM    PROPER 


EXTERNAL    SITUATION 


Fig.  2.   SIMPLIFIED  SCHEME  OF  PULSED  RADAR  AND  ASSOCIATED  CHANNELS 

Central  Echo-ranging  Mechanism:   Operation  governed  by  four  functional 
components : 

1)  Synchronizing  timer,  which  sets  up  the  pulse  timing  and 
synchronizes  other  system  functions  with  respect  to  the 
transmitted  pulses; 

2)  Transmitter  system,  which  generates  and  shapes  the  pulses  to 
be  transmitted; 

3)  Antenna  system,  which  (a)  radiates  electro-magnetic  energy  in 

a  suitable  beam,  and  (b)  receives  returning  energy  of  prescribed 
categories  from  designated  directions; 

4)  Receiving  system,  which  amplifies  returning  indications  and 
may  carry  out  various  processing  functions. 

External  Situation:   shown  here  as  including  only  a  single  reflecting 

or  scattering  object,  which  returns  a  small  portion  of  the  transmitted 

energy. 

Interpretation:   here  including  only  a  PPI  display  which  provides  a 

rough  two-dimensional  "map"  for  human  observer.   (The  line  labelled 

"antenna  orientation"  indicates  the  linkage  between  antenna  direction 

and  display  indications.) 
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two  different  aspects:   1)   the  role  of  conditioning  and  learning  within 
the  life  of  an  individual,  and  2)  the  possible  role  of  certain 
individual  variations  in  the  evolution  of  echolocation  in  the  species. 
These,  however,  are  matters  that  more  properly  belong  under  the  third 
question  posed  at  the  outset  of  the  present  discussion,  and  hence 
further  mention  of  learning  and  evolutionary  mechanisms  will  be  post- 
poned to  the  next  section. 

Before  leaving  the  comparison  of  natural  and  man-made 
echolocation  systems,  brief  reference  should  perhaps  be  made  to  the 
basic  configuration  of  a  representative  man-made  system.   Since  the 
papers  under  discussion  are  chiefly  concerned  with  the  first  few 
radar  functions  listed  (detection,  localization,  identification  and, 
to  some  extent,  mapping),  a  relatively  simple  representation  provides 
an  adequate  description. 

Fig.  2  shows  a  general  plan  of  the  ranging  function  of  a 
pulsed  radar  system.   Basic  to  the  operation  of  such  a  system  is  an 
accurate  synchronizing  timer.   In  a  pulsed  system  the  timer  normally 
does  at  least  four  things:   it  initiates  the  transmitted  pulses;  it 
simultaneously  switches  out  the  receiving  channel  (to  prevent  injury 
from  the  powerful  outgoing  pulse) ;  it  provides  a  time  reference  for  the 
range-measuring  function  of  the  receiving  mechanism,  and  it  does  like- 
wise for  the  display  devices.   The  transmitter  system  generates  the 
carrier  frequency,  sets  the  pulse  duration  and  the  interpulse  interval, 
and  concentrates  the  output  power  into  the  moment  of  pulse  transmission. 
The  antenna  system  radiates  the  electromagnetic  energy  in  a  beam  of 
appropriate  form  and  width,  and  receives  the  returning  echoes — sometimes 
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along  with  other  indications,  such  as  identification  signals.   In  an 
angle-determining  system,  the  antenna  is  positionable  directionally 
and  its  mechanism  gives  an  instantaneous  indication  of  aim.   Furthermore, 
if  the  antenna  were  of  monopulse  design  (44) ,  it  might  incorporate 
four  slightly  off-center  receiving  elements  capable  of  providing 
immediate  indications  of  the  direction  of  an  object  with  respect  to 
the  aim  of  the  antenna.   The  receiving  system  amplifies  the  returning 
echoes,  and  it  may  perform  a  variety  of  selecting,  filtering,  correlating, 
motion-detecting  and  time-gating  functions.   It  transmits  appropriately 
selected  and  processed  indications  to  the  display  system.   If  suitable 
angle-measuring  and  display  functions  are  assumed,  such  a  set  of  mechanisms 
thus  generates  a  visual  map — as  represented,  for  example,  on  a  PPI  in- 
dicator.  This  display  provides  a  basis  for  localization  (at  least  in  two 
dimensions) ,  partial  identification  and  conf igural  mapping. 

In  the  primitive  scheme  given,  a  human  operator  is  assumed 
to  make  the  pertinent  observations  of  display  indications,  to  integrate 
these  with  other  data  and  to  initiate  suitable  actions  of  command  and 
control.   However,  when  such  functions  are  automated  by  the  use  of 
auxiliary  devices  and  computer  analysis,  the  scope  of  the  total  radar 
system  becomes  enormously  extended.   Prominent  among  such  extensions 
are:   the  introduction  of  extensive  memories,  the  use  of  sub-computing 
systems  and  the  time-sharing  of  input  channels.   As  indicated  at  the 
outset  of  this  section,  many  comparisons  of  incoming  data  are  made  against 
stored  reference  data — some  such  data  being  previously  placed  there  from 
external  sources  and  some  introduced  and  updated  in  conjunction  with  the 
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moment-to-moment  progress  of  the  current  radar  picture.   By  the  use  of 
time  sharing,  predictive  evaluations,  multiple  storage  categories,  and 
association  with  collateral  data,  radar  systems  are  able  to  resolve  and 
keep  track  of  many  simultaneous  targets  and  to  carry  out  automatic 
control  functions  with  respect  to  friendly  targets  to  which  control 
links  are  established. 

In  any  comprehensive  radar  system,  there  thus  exist  many 
types  of  interaction  beyond  those  involved  in  the  simple  measurement  of 
distance  and  angle — which  normally  constitute  only  one  peripheral 
phase  of  actual  systems.   In  a  number  of  instances,  the  various  inter- 
actions have  approximate  analogies  in  the  functioning  of  natural 
systems;  and  in  some  of  these  instances,  the  theory  developed  in  con- 
junction with  man-made  systems  has  useful  application  to  evaluations  of 
corresponding  aspects  of  natural  systems  (7,  8,  24).   Some  biologists, 
of  course,  are  not  fully  acquainted  with  details  by  which  advanced 
radar  techniques  can  resolve  complex  environmental  information;  but, 
on  their  side,  many  engineers  are  not  cognizant  of  the  kinds  of 
effective  mechanisms  biological  systems  may  use  in  order  to  categorize 
complex  perceptual  data  in  meaningful  ways — particularly  with  respect  to 
the  kinds  of  adaptive  mechanisms  which,  make  possible  the  learning  of 
complex  patterns.   One  of  the  functions  of  the  study  of  "bionic  models" 
is  to  make  useful  bridges  across  such  gaps. 

FOUNDATIONS  OF  AN  ECHOLOCATING  FUNCTION 

The  third  question  raised  at  the  outset,  with  respect  to  the 
papers  under  discussion,  concerned  possible  contributions  to  our 
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understanding  of  the  origin  and  nature  of  echolocation  in  animals. 
The  primary  job  of  a  sonar  or  echolocation  system  is  to  provide  types  of 
"mobility  guidance"  which  enhance  the  animal's  survival.   Chiefly,  in 
other  words,  such  a  system  supplies  indications  which  enable  the  animal 
to  move  about  in  meaningful  and  useful  relation  to  its  immediate 
environment.   Like  vision  (and  to  some  extent  olfaction) ,  hearing  is  a 
"distance  sense."  An  active  distance  sense,  such  as  echolocation, 
tells  the  animal  about  objects  and  configurations  beyond  the  range  of 
touch,  thermal  stimuli,  etc.,  and  can  do  so  independently  of  energy 
radiation  from  the  objects  in  question.   Basically,  any  distance  sense 
tells  the  animal  something  about  what  it  may  expect  (in  terms  of  close- 
range  sensory  shifts)  if  it  carries  out  certain  actions  with  respect  to 
the  indications  received  from  a  distance.   The  indications  from  such  a 
sense  might,  for  example,  be  interpreted  in  terms  of  how  many  steps  or 
wingbeats  lead  to  a  detected  surface,  and  they  might  even  suggest  how 
the  surface  should  feel  to  the  touch  senses.   Likewise,  they  might 
give  indications  of  an  opening  which  could  be  entered  with  a  light 
brushing  of  external  protuberances  (such  as  vibrissae,  wingtips,  fur, 
or  for  man — clothing) . 

It  is  sometimes  convenient,  in  experimental  interpretations 
of  oriented  behavior,  to  define  several  broad  categories  of  response. 
Among  the  more  common  are:   (1)  direct  approach,  (2)  avoidance  or 
retreat,  (3)  alerting  or  attention-focusing  actions,  (4)  orientation  with 
respect  to  some  source,  object  or  configuration,  (5)  initiation  of 
exploratory  behavior  (or  test  actions  designed  to  elicit  further 
information)  ,  and  (6)  release  of  special  categories  of  response  (such  as 
a  catch  maneuver).   In  echolocating  animals,  such  categories  tend  to  be 
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associated  with  somewhat  different  patterns  of  signal  emission 
(9,  11,  15,  29,  30,  31-33,  39,  43,  55,  57,  59). 

As  already  indicated,  a  distance  sense  arises  out  of  the 
survival  values  gained  by  pushing  the  boundary  of  environmental 
information  out  from  the  animal;  that  is,  away  from  the  zone  of 
direct  contact  and  beyond  the  limitations  imposed  by  simple  tropistic 
indications.   But  the  more  direct  meanings — and  ultimately  the  survival 
importance — are  inevitably  in  terms  of  close-range,  or  contact,  senses, 
or  events  associated  with  them.   Correlating  bridges  must  always  remain 
which  connect  the  distance  indications  and  the  more  direct  sense 
impressions,  on  the  one  hand,  and  the  actions  which  mediate  between 
the  two,  on  the  other.   The  actions  themselves,  of  course,  also  contribute 
sensory  indications  to  the  complex  of  relations.   It  is  thus  scarcely 
surprising  that  a  diversity  of  correlating  mechanisms  should  exist  in 
the  sensory  integration  systems  of  higher  animals. 

Dr.  Neuweiler  points  to  two  types  of  neurophysiological  findings 

which  reflect  such  intersensory  integrations.   First,  there  are  certain  visual 

cells  (as  in  the  visual  cortex  of  the  cat)  where  non-visual  sensory 

inputs  (acoustic  and  somesthetic)  converge;  and  second,  there  are,  in 

the  mammals  at  least,  specific  regions  where  indications  from  several 

sense  modalities  converge  (e.g.,  midbrain  reticular  formation,  thalmic 

nuclei  and  cortical  association  areas) .   With  regard  to  the  origin  of 

cortical  association  areas,  Geschwind  (13)  says: 

"In  the  lower  mammals  connexions  between  regions  of  the  cortex 
may  arise  directly  from  the  primary  receptive  or  motor  areas. 
As  one  moves  up  the  phylogenetic  scale,  these  connexions  come  to 
be  made  between  newly  developed  regions  of  cortex  interspersed 
between  the  older  zones."  (p.  640) 
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Recent  histological  evidence  (61)  ,  which  relates  to  the  control 
of  visual  aim  from  auditory  indications,  suggests  that  two  ascending 
auditory  systems  may  exist  in  the  mammals.   One  system  is  basically 
an  auditory-visual  control  or  interaction  system,  primarily  concerned 
with  direction  of  the  eyes  with  respect  to  received  acoustical 
indications.   This  system  includes  the  medial  superior  olive  and  is 
well  developed  in  both  diurnal  and  nocturnal  animals  which  are 
primarily  oriented  by  the  use  of  excellent  visual  systems.   Such 
animals  include:   the  primates,  and  various  large-eyed  rodents  and 
carnivores  (e.g.,  chinchillas  and  cats).   Cell  counts  in  the  medial 
superior  olive  are  linearly  related  to  cell  counts  in  the  N6  nucleus 
for  eye-muscle  control,  for  a  variety  of  animals,  both  of  the  cone- 
retina  (high  cell  count)  and  rod-retina  (low  cell  count)  categories. 
The  medial  superior  olive  is  absent  in  the  known  echolocators 
analyzed:   three  kinds  of  echolocating  bats  and  the  dolphin  Tursiops 
truncatus ;  also  in  the  hedgehog  Erinaceus  europeus. 

The  other  system  appears  to  be  a  set  of  pathways  and  centers 
related  to  more  diversified  aspects  of  auditory  information.   This 
system  includes  the  lateral  superior  olive,  and  at  this  level  may  be 
particularly  concerned  with  various  behavioral  functions  related  to 
auditory  localization.   The  lateral  superior  olive  is  strikingly 
developed  in  echolocating  bats  and  in  the  dolphin;  also  in  the  hedge- 
hog (an  insectivore)  and  in  some  of  the  nocturnal  rodents. 
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It  is  inevitable  that  a  higher  animal  should  need  to 
comprehend  its  world  in  terms  of  integrated  sensory  impressions  related 
to  the  specific  actions  it  makes,  and  that  there  should  arise  a  variety 
of  foci  for  such  inter-sensory  interactions.   Moreover,  in  the  higher 
animals,  as  the  complexity  of  inter-sensory  relations  increases,  stored 
"image  patterns"  come  to  play  increasingly  important  roles  in  many 
types  of  oriented  behavior. 

To  provide  a  very  crude  plan  of  selected  organizational 
features  in  a  generalized  echolocating  animal,  the  representation  shown 
in  Fig.  3  has  been  made.   From  even  so  rough  a  scheme  certain  features 
are  immediately  evident.   For  example,  such  a  system  is: 

(1)  bilaterally  arranged, 

(2)  hierarchically  organized, 

(3)  characterized  by  multiple  afferent  channels,  efferent  channels, 
cross  channels  and  message-combining  regions, 

(4)  functionally  governed  at  several  levels  by  intercommunications 
between  immediate  input  messages,  stored  weighting  functions, 
descending  command  and  control"  indications ,  pre-set  coordinating 
mechanisms,  etc. 

Furthermore,  though  not  so  evident  in  the  scheme  presented, 
much  of  the  action  of  such  an  echolocation  system  takes  the  form  of 
sensory-motor  loops  that  are  either  fully  or  partially  closed.   In 
locating  an  insect,  for  example,  a  bat  may  turn  its  head  and  ears  until 
its  transmit-receive  system  is  correctly  aimed.   The  initial  aiming 
deflection  may,  of  course,  be  of  the  command  or  ballistic  type  in 
which  a  given  binaural  (or  monopulse)  input  (4,  44)  sets  up  a  prescribed 
action  pattern;  this  pattern,  once  initiated,  being  carried  out  without 
intervening  control.   There  can  be  little  doubt,  however,  that  even 
such  ballistic  motions  (and  certainly  the  ensuing  error-correcting 
actions)  are  monitored  by  proprioceptive  indications. 

Again,  as  with  the  antenna-directing  control  loops  which 
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govern  transmit-receive  directionality,  there  are  signal  control  loops 
which  govern  pulse  structure  and  timing.   Suppose,  for  example,  a  bat  or 
cetacean  possesses  a  ranging  function  which  is  most  sensitive  at  a 
given  pulse-echo  separation  or  overlap  (9,  20,  30,  31-33,  42,  43). 
Initial  target  detection  may  set  off  a  pulse  timing-shift  designed  to 
approximate  the  optimum  pulse-echo  relation.   Though  the  pulse  details 
and  the  pulse  timing  may  be  initially  under  control  of  a  command  function, 
it  seems  most  likely  that  here,  also,  the  desired  relations  are  maintained 
with  the  use  of  proprioceptive  feedbacks  which  successively  modify 
certain  assigned  properties. 

In  Fig.  3,  five  such  loops  have  been  emphasized  in  terms  of 
their  efferent  (outgoing)  pathways:   (1)   the  input  coding  control 
path  (via  the  olivo-cochlear  bundle) ,  leading  to  the  inner  ear 
transduction-coding  mechanisms,  (2)  the  rapidly-acting  path  which 
governs  contraction  of  the  middle-ear  muscles  (21)  ,  (3)  the  paths 
which  control  the  action  and  position  of  the  outer  ears  at  the  two 
sides  (46) ,  (4)  the  paths  (mentioned  just  above)  which  go  to  the  neck 
muscles  and  control  the  general  aim  of  the  head  and  ears,  and  (5)  the  paths 
which  go  to  the  signal-generating  mechanisms  (also  mentioned  just  above) . 
Such  loops  are  influenced,  of  course,  not  only  by  direct  auditory  inputs, 
but  also  by  associated  inputs  deriving  from  many  sources.   Conspicuous  among 
these  are  proprioceptive  and  tactile  inputs  from  various  regions — only  crudely 
intimated  in  Fig.  3  by  the  arrows  representing  the  afferent  spinal  pathways. 
Essential,  also,  are  the  vestibular  inputs  which  govern  much  of  the  rapid 
control  of  motion,  so  important  in  most  types  of  pursuit  maneuvers. 
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Olfactory  and  visual  inputs  are  also  indicated,  though  such  inputs  may  or 
may  not  enter  the  picture  at  any  given  time  during  the  solution  of  an 
echolocating  problem. 

Highly  important  in  many  echolocating  situations  is  the 
matter  of  response  speed.   Some  insects,  for  example,  are  remarkably 
adept  at  making  unpredictable  and  rapid  shifts  of  flight  path  during 
the  approach  of  a  pursuing  bat  (45,  58).   A  flying  moth  can  suddenly 
deflect  its  logically-expected  course  by  as  much  as  15-20  cm  in  a  tenth 
of  a  second.   If  a  bat  must  have  the  moth  correctly  localized  to 
within  a  volume  3  or  4  cm  across,  in  order  to  seize  it  with  a  wingtip, 
then  very  little  sequential  neural  processing  can  be  carried  out  in 
the  bat's  nervous  system  between  a  given  signal  emission  and  a  given 
set  of  motor  actions  that  must  be  precisely  guided  by  use  of  the 
returning  echoes.   In  such  a  situation  one  must  consider  the  essential 
times  for  echo-return,  peripheral  coding  and  conduction,  organization 
of  muscular  control  and  the  physical  execution  of  resulting  orders.   With 
these  times  taken  out,  there  remains  time  enough  for  only  a  few 
sequential  synaptic  transmissions  in  the  central  nervous  system. 

Such  considerations  immediately  eliminate  extensive  filtering, 
correlating  or  iterative-type  processes.   Of  the  remaining  kinds  of 
processing  methods  that  might  lead  to  rapid,  coordinated  motor  action, 
two  might  be  mentioned.   First,  there  are  what  we  might  call  dispersive 
conditional  probability  methods.   According  to  such  methods,  a  given  set 
of  input  patterns  might  be  used  to  make  a  number  of  possible  rough 
predictions.   A  suitable  match  with  the  next  set  of  returns  would 
immediately  activate  the  best  matching  prediction,  and  the  results 
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lead  to  assigned  categories  of  motor  action.   Second,  there  are  what 
might  be  termed  multiple-input  matrix  methods,  according  to  which 
a  given  response  pattern  (or  pattern  increment)  would  arise  directly 
from  a  given  input  array  over  a  prescribed  interval.   Such  a  procedure 
might  be  crudely  analogous  to  the  insertion  of  a  given  key  into  a 
number  of  possible  locks.   The  box  opened  would  contain  the  appropriate 
instructions  for  the  action  pattern  which  suited  that  key. 

In  terms  of  Fig.  3,  terminal,  reflex-type  responses  of  the 
sort  just  mentioned  would  appear  to  be  mediated  by  lower-level 
processes.   It  is  clear  from  the  figure  that  various  kinds  of  inter- 
action— including  binaural  interaction — might  take  place  by  the  level 
of  the  olivary  complex  (OC) .   There  appear  to  be  outflows  to  the 
descending  motor  system,  as  well  as  various  interconnecting  functions  by 
way  of  the  brain  stem  reticular  formation  at  this  level  and  at  the  level 
of  the  nucleus  of  the  lateral  lemniscus  (LLN) — which  is  well  developed 
in  the  echolocating  bats.   If  such  animals  as  the  bats  possess 
disproportionate  development  of  such  centers,  it  may  reflect  the  essential 
role  of  speed  in  various  survival  essentials. 

In  the  bat,  however,  the  most  prominent  auditory  structure  is 
the  inferior  (or  posterior)  colliculus.   The  studies  of  Grinnell 
(19,  20),  Suga  (52-54)  and  others  (12)  suggest  remarkable  sensitivities 
to  time  and  frequency  in  this  center.   Undoubtedly,  many  of  the  complex 
evaluations  made  by  bats  are  mediated,  in  considerable  measure,  at 
this  level.   Above  this  level  the  auditory  receptive  areas  of  bats  are 
relatively  undeveloped  in  comparison  with  higher  mammals.   At  the  same 
time,  the  capacities  of  bats  to  learn — even  if  slowly,  and  often  crudely — 
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suggests  that  important  functions  related  to  memory  and  learning  do 
occur  at  higher  levels.   Moreover,  the  bat—like  other  creatures — must 
function  in  terms  of  integrated  sensory  impressions  involving  all  of  the 
various  sensory  modalities.   Presumably  the  vastly  greater  development 
of  the  higher  centers  in  cetaceans  reflects  far  more  complex  integrations- 
involving,  perhaps,  more  extensive  pattern  analyses  over  time,  greater 
interaction  of  stored  inter-sensory  representations  and  more  versatile 
adaptive  mechanisms.   The  scattered  evidence  we  have  suggests  that 
interactions  take  place  at  many  levels  and  in  a  variety  of  ways.   But 
most  details  of  such  interaction  mechanisms  remain  to  be  discovered. 

What  does  this  all-too-sketchy  review  tell  us  about  the  basic 
plan  or  nature  of  natural  sonar  functions?   Obviously  not  much  that  is 
usefully  concrete.   Perhaps  all  we  can  say  is  that  it  has  pointed  to 
certain  features  which  may  be  relevant  to  the  effective  operation  of  such 
sonar  systems.   Thus,  it  has  stressed  the  organization  into  sensory- 
motor  loops,  in  which  multiple  sensory  inputs  may  be  required  to  make  the 
system  effective.   It  has  also  pointed  to  the  diversity  of  interaction 
categories  which  may  be  involved,  and  to  the  hierarchical  design  which 
facilitates  speed  of  response  where  speed  is  crucial.   Most  of  all,  how- 
ever, it  leaves  us  with  the  realization  that  our  knowledge  is  still  in 
terms  of  incomplete  fragments  and  that  as  yet  we  cannot  formulate  any 
adequately  valid  or  integrated  model  of  how  such  systems  function  (18) . 
Dr.  Neuweiler  indicated  certain  areas  where  our  fragmentary  knowledge  of 
sensory  interactions  was  beginning  to  emerge;  but  until  we  know  much 
more  about  specific  mechanisms  and  system  organization  our  views  must 

Dr.  Schusterman' s  discussion  deals  with  a  very  different 
aspect  of  sonar  foundations.   A  major  portion  of  his  concern  is  with 
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the  conditions  which  elicit,  and  perhaps  extend,  the  sonar  potential 
of  pinnipeds — especially  the  California  sea  lion.   Somewhat  over- 
simplified, two  of  the  main  questions  might  be  put  as  follows: 
1)  What  role  does  conditioning  and  learning  play  in  the  production  of 
underwater  vocalization — and  perhaps  sonar  utilization — in  the  life- 
span of  an  individual  sea  lion?   2)  Do  the  individual  variations  in 
vocalization  properties  and  propensities  serve  to  further  evolutionary 
increases  in  sonar  usage  within  the  species? 

Evidence  already  cited  suggests  that  the  sea  lion  uses 
underwater  echolocation  for  the  guidance  of  certain  tasks.   However, 
neither  the  signal  properties  nor  the  frequency-range  of  the  animal's 
hearing  appear  compatible  with  echolocating  proficiencies  of  the  levels 
reached  by  the  advanced  echolocating  systems  of  certain  cetaceans.   At 
the  same  time,  the  sea  lion's  mode  of  life  appears  to  be  such  that 
both  individual  and  species  survival  might  well  be  enhanced  by  increases 
in  the  effectiveness  with  which  existing  capabilities  were  utilized 
or  selected. 

Perhaps  the  most  significant  feature  of  the  sea  lion's  sonar 
derives  from  the  very  fact  that  it  is,  in  a  sense,  a  skill  on  the 
evolutionary  fringe,  and  one  possessed  by  an  animal  with  interesting 
versatilities  and  variabilities.   Fundamentally,  the  sea  lion  is  a 
visual  animal,  closely  allied  to  the  carnivores.   Commonly  it  lives  in 
clear  water,  where — as  already  noted — it  is  capable  of  excellent  visual 
perception  and  discrimination  (49) .   However,  when  frustrated  by  poor 
visibility,  or  when  alerted  or  aroused  in  various  ways,  it  tends  to 
emit  a  variety  of  vocalizations.    In  Schusterman' s  experiments,  the  echoes 
from  such  vocalizations  failed  to  provide  the  animals  tested  with  any 
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capacity  to  distinguish  between  a  variety  of  targets.   However,  as  also 
noted  above,  Poulter's  evidence  indicates  that  the  animal's  sonar  system 
can  make  certain  kinds  of  discriminations,  and  is  capable  of  effective 
guidance  of  target  pursuit  (39) .   Variabilities  in  such  findings  may 
come  from  many  sources.   Certainly,  the  degree  of  matching  of  experimental 
situations  to  natural  conditions  is  often  a  significant  and  elusive 
one.   In  any  event,  the  precise  role  of  sonar  functions  in  pinnipeds 
remains  largely  unsettled  in  the  face  of  existing  evidence. 

One  obvious  focus  of  interest  is  on  the  methods  by  which  the 
sea  lion  may  push  its  limited  sonar  capabilities  into  the  realm  of 
survival  importance.   In  this  connection,  the  diversity  of  vocalizations 
produced  under  condtions  of  frustration,  uncertainty,  urgency,  etc.,  have 
already  been  stressed.   Perhaps  the  sea  lion  gains  survival  advantages 
by  discovering  how  to  put  together  certain  subtle  echo-patterns  into 
perceptual  entities.   Perhaps,  also,  such  psychophysiological  advances 
lead  the  adaptive  trends  of  the  species — with  compatible  anatomical 
modifications  following  at  a  slower  rate.   And  possibly,  once  again, 
it  is  the  disconcerting  variabilities,  plaguing  the  consistency  of 
experimental  findings,  which  provide  the  most  valuable  clues  to  under- 
lying mechanisms. 

In  concluding,  we  must  point  out  that  the  papers  under 
discussion  were  not  basically  directed  toward  an  analysis  of  how 
echolocation  systems  arose  or  why  they  have  taken  the  forms  we  now 
see.   Such  aspects  have  emerged  chiefly  as  interesting  sidelights  to 
other  issues  under  consideration.   Perhaps,  however,  they  have  served 
to  stress  one  thing:  if  we  really  want  to  discover  the  full  details  of 
animal  sonar,  we  will  sooner  or  later  have  to  trace  the  evolutionary 
trends  and  developmental  processes  out  of  which  the  systems  have  come 
into  being. 
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ABSTRACT 

Papers  by  G.  W.  Neuweiler  and  R.  J.  Schusterman  discuss 
different  aspects  of  sensory  interactions  related  to  animal  sonar. 
Neuweiler  reviews  a  variety  of  interactions  in  mammals  and  birds. 
Schusterman,  focusing  on  a  single  species  (the  California  sea  lion), 
evaluates  sonar  capabilities  relative  to  visual  functions  and  investigates 
conditions  eliciting  sonar-like  vocalizations. 

The  present  discussion  is  a  review  in  terms  of:   animal 
sampling,  essential  mechanisms  covered  and  basic  design  functions 
clarified.   Obviously  our  current  knowledge  of  sonar  contributions  to 
animal  orientation  remains,  in  most  respects,  rudimentary.   For 
example,  many  partial  uses  of  sonar  or  echolocation  are  as  yet  scarcely 
recognized  and  the  manner  of  interaction  with  related  sensory  systems 
very  inadequately  understood.   In  addition,  the  role  of  memory  in 
sensory  comparisons,  and  as  a  source  of  triggered  intersensory 
images,  tends  to  be  overlooked.   Of  interest  is  Schusterman' s  suggestion 
that  the  sea  lion  may  be  on  the  evolutionary  fringe  of  effective  sonar 
development,  with  the  animal's  vocalization  diversity  and  conditionability 
spear-heading  the  trend.   Clearly,  evolutionary  models  of  sonar 
mechanisms  are  needed. 


animal  sonar 
echolocation 
sensory  interactions 
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INTERCEPTION  PERFORMANCE 

OF  ECHOLOCATING  BATS 

IN  THE  PRESENCE  OF  INTERFERENCE 

by 

F.A.  WEBSTER 


INTRODUCTION 

The  performance  characteristics  of  animal  systems  are 
frequently  compared  with  corresponding  performance  characteristics 
of  man-made  systems.   Such  comparisons,  however,  commonly  lead  to 
controversies  between  biologists  and  engineers.  Thus,  in  comparisons 
of  the  object-detection  capabilities  of  echolocating  bats,  two  sources 
of  controversy  have  been  evident:  1)  Inappropriate  comparison  and  2) 
differences  in  the  design  methods  and  materials  of  natural  systems  as 
against  those  of  man-made  systems.   Inappropriate  comparisons  have 
often  characterized  the  analyses  of  a  bat's  range  of  detection  and 
detection  efficiency  as  against  the  detection  performance  of  man-made 
counterparts  (  3,  4,  9 ) .   It  is  clear,  for  example,  that  the  range  of 
ultrasound  in  air  is  greatly  limited  by  atmospheric  attenuation;  and 
hence  comparisons  of  detection  efficiency  between  the  systems  of  bats 
and  the  man-made  counterparts  (water-borne  sonar  and  air-borne  radar), 
in  terras  of  absolute  distance,  can  be  very  misleading.  Furthermore, 
comparisons  that  have  been  made  of  percentage  capture  scores  for 
targets,  under  echolocation  guidance,  have  sometimes  failed  to  consider 
differences  in  basic  parameters  (1).  For  example,  a  ba^s  primary 
intent  while  hunting  may  not  be  to  capture  100%  of  the  targets  detected, 
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but  rather,  to  obtain  a  maximum  amount  of  useful  fuel  (edible  insects) 
with  a  minimum  of  risk  and  energy  expenditure.  Legitimate  comparisons 
can  be  made  only  if  corresponding  requirements  and  related  constraints 
are  properly  defined. 

Comparative  evaluations  of  the  basic  nature  of  biological 
designs,  as  against  those  of  engineering  systems,  present  more  complex 
problems  than  do  comparisons  of  the  operation  of  defined  mechanisms. 
However,  before  embarking  upon  a  survey  of  interception  performance 
under  certain  complex  or  difficult  situations,  some  differences  between 
biological  and  engineering  design  emphases  should  be  made. 

Biologists  generally  point  out  that  living  systems  have 
features  or  capabilities  which  engineering  systems  cannot  duplicate.. 
For  example: 

a)  Biological  sensory  and  processing  mechanisms  are  often  micro- 

miniaturized by  many  orders  of  magnitude  in  comparison  with 
corresponding  engineering  mechanisms  and  they  may  operate 
at  less  than  a  billionth  of  the  power. 

b)  Some  sensory  systems  have  extraordinary  sensitivity  to  minute 

absolute  stimulus  magnitudes  and  to  small  shifts  of  magnitude. 

c)  Auditory  and  visual  systems  of  higher  animals  can  deal  with 

complexities  and  subtleties  of  pattern  which  engineering 
systems  cannot  approach. 

d)  Living  systems,  in  general,  have  highly  effective  couplings  across 

the  various  boundaries  related  to  their  survival  and  thus 
achieve  an  autonomy  of  function  not  achieved  by  engineering 
systems. 

e)  Animal  processing  systems  can  sometimes  derive  accurate  outputs, 

with  respect  to  complex  stimulus  configurations,  even  though 
the  inputs  may  be  approximate  and  diverse. 

f)  The  higher  nervous  systems  of  animals  can  deal  effectively  with  types 

of  unexpected  situations  which  inevitably  confuse  mechanized 
systems. 

Engineers  typically  counter  such  lines  of  argument  with  a 

number  of  contentions.  For  example: 
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a)  Most  engineering  components  are  so  different  from  biological  components 

that  they  dictate  methods  far  removed  from  those  of  biological 
systems. 

b)  Even  if  larger  and  vastly  more  power- consuming,  electronic  components 

generally  surpass  biological  components  enormously  with  respect 
to  such  features  as:  resistance  to  injury,  unit  accuracy  and 
reliability,  and  speed  of  operation.   (For  example,  items  can 
be  usefully  retrieved  from  computer  memory  at  rates 
approaching  10,000,000  items  per  second~-many  thousands  of 
times  faster  than  the  sequential  memory  utilization  speeds 
of  animals.) 

c)  Engineering  methods  are  not  frozen  into  limited  categories  of 

function  by  limitations  of  biochemical  composition  or 
evolutionary  commitment. 

d)  Even  if  biological  systems  can  do  things  engineering  methods  cannot 

duplicate,  engineering  systems  can  do  other  things  which 
biological  systems  cannot.   (Examples  are:  high-speed  and 
Intricate  logical  reasoning,  with  associated  decisions,  and 
pattern  recognitions  involving  large  and  accurate  counts.) 

e)  When  they  can  be  viewed  in  detail,  the  complex  adaptive  mechanisms 

in  the  nervous  systems  of  higher  animals  will  probably 
prove  extremely  inefficient  in  terms  of  the  number  of  unit 
operations  performed  to  gain  a  small  increase  in  overall 
operating  effectiveness. 

This  last  contention  incorporates  an  issue  so  central  to 

biological  design  that  brief  additional  comment  is  in  order.   If 

biological  systems  are  conceived  as  arising  out  of  simple  governing 

principles,  then  these  principles  must  act  "in  ignorance"  of  surrounding 

conditions  and  requirements.  With  respect  to  a  given  "goal  direction" 

they  may  thus  be  construed  as  acting  at  random.  Biological  order 

arises  out  of  the  gradual  and  exceedingly  "wasteful"  consolidation 

of  design  patterns  which  prove  meaningful  in  terms  of  stable  modifications 

they  introduce  into  the  relations  between  a  biological  system  and  its 

environment.  Granted  that  the  design  efficiency  of  natural  systems 

may  tend  to  increase  as  mechanisms  that  catalyze  evolutionary  acceleration 

appear,  nevertheless  systems  with  versatile  design  properties  tend  to 

be  very  inefficient  at  the  outset.  Since  inefficiency  of  operation  is 
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inherently  abhorrent  to  engineers,  the  design  methods  of  nature  run 
contrary  to  their  basic  views. 

If  we  look  at  the  results  of  evolutionary  operation  on  the 
guidance  system  of  echo locating  bats,  we  must  conclude  that  the  design 
methods— however  inefficient  in  detail— must  have  proved  effective  in 
the  end.   Bats  appear  to  have  survived  well  over  changing  conditions 
for  some  50,000,000  years  or  so  (5  ).  Moreover,  as  Individuals  they 
may  survive,  on  the  average,  for  5  to  10  years,  during  which  time  they 
may  fly  many  thousands  of  miles  and  capture,  without  errors  of  serious 
consequence,  hundreds  of  thousands  of  insects  which  are  often  flying 
in  the  vicinity  of  potentially  injurious  objects. 

When  biologists  point  to  the  guidance  methods  of  bats  as 
effective  systems,  they  are  thus  referring  to  their  effectiveness  in 
terms  of  the  specific  survival  requirements  of  bats,  not  to  their 
capacity  to  duplicate  similar- appearing  functions  of  man-made  systems— 
though  under  certain  conditions  such  comparisons  may  prove  legitimate 
and  significant  (7).  Biologists  normally  disregard  the  design 
considerations  important  to  engineers  and  are  little  concerned  with 
details  of  operating  efficiency— as  long  as  the  overall  accomplishments 
of  the  system  in  question  are  effective.  Many  engineers  are  also  often 
willing  to  overlook  sins  of  natural  design  and  deficiencies  of  detailed 
methods— provided  that  the  overall  operation  of  the  system  achieves 
results  difficult  or  impossible  to  duplicate  in  feasible  engineering 
systems. 

Of  particular  interest  to  communications  engineers  have  been 
certain  quantitative  results  on  the  capacity  of  bats  to  locate  and  avoid 
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FIG.  JL.  Capture  and  rejection  of  moth  by  Laslurus  boreal  Is.  The  moth 
Is  about  to  be  captured  at  the  second  flash,  is  in  the  tail  pouch 
(formed  by  the  bat's  lnterfemoral  membrane)  at  the  third  flash  and  is 
being  rejected  at  the  fourth  flash.   (Flash  intervals  here  and  in 
subsequent  sequences  are  approximately  100  milliseconds,  unless 
otherwise  noted.)  For  discussion,  see  text. 
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obstacles  in  the  presence  of  high  levels  of  wideband,  random  noise  (6,  7). 

Certain  bats  have  been  found  capable  of  detecting  faint  echoes  in 

noise  when  the  signal-to-noise  ratio  appeared  to  be  worse  than  the  level 

required  for  an  "ideal  detector."  Actually,  such  bats  not  only  incorporate 

highly  effective  mechanisms  for  signal  processing;  they  are  also  able 

to  make  use  of  a  variety  of  auxilliary  procedures  and  correlations  which 

enhance  their  detection  capabilities. 

Efforts  to  make  corresponding  measures  on  pursuit  performance 
in  the  presence  of  noise  have  encountered  complications  not  met  during 
obstacle  avoidance  experiments.  The  presence  of  wideband  noise  appears 
to  inhibit  the  detection  and  pursuit  efforts  of  most  bats  tested  to  such 
an  extent  that  useful  performance  measures  have  been  difficult  to 
obtain.  One  interpretation  is  that  intense  wideband  random  noise 
is  an  unusual  masking  stimulus  in  nature  and  that  the  bat's  system  has 
to  adapt  its  processing  methods  to  deal  with  it.  Experimental  procedures 
used  during  pursuit  tests  have  thus  far  not  allowed  for  this.  A 
second  interpretation  is  that  bats  tend  to  treat  such  noise  as  an 
adverse  signal.  A  number  of  insects,  suspected  of  having  (or  mimicking) 
such  obnoxious  characteristics  as  clinging  spurs  or  offensive  taste,  are 
capable  of  emitting  noisy  clicks.  Tests  have  shown  that  such  clicks— 
or  approximations  to  them,  even  at  very  low  sound  levels— tend  to  produce 
relinquishment  of  target  pursuit  (2  ).  Bats  often  reject  captured 
insects  for  reasons  that  are  not  yet  clear  (Fig.  1).  Further  work  is 
needed  before  any  useful  evaluation  can  be  made  of  the  true  pursuit 
capabilities  of  bats  in  the  presence  of  wideband  noise. 

Casual  observations  had  suggested,  however,  that  there  were 
a  number  of  situations  in  nature  where  bats  executed  effective  pursuits 
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in  the  presence  of  a  variety  of  interfering  conditions.  These  included  (14) 

a)  the  presence  of  multiple  targets,  sometimes  requiring  close 

resolution  between  adjacent  objects— possibly  sometimes 
involving  discriminative  evaluations  between  alternative 
selections. 

b)  the  existence  of  strong  "clutter  echoes"  from  large  objects  or 

surfaces  close  to  a  small  target. 

c)  the  occurrence  of  complex  clutter  echoes  which  might  approximate 

the  echoes  of  the  desired  target  and  might  at  times  come  from 
objects  that  were  closer  to  the  bat. 

d)  the  presence  of  intense  signals  similar  to  the  bat's  own  emitted 

signals— notably  those  emitted  by  nearby  members  of  the 
same  species. 

e)  the  presence  of  constraining  conf igurations,  such  as  leaves,  twigs 

and  branches,  which  might  require  comparative  evaluations  of: 
1)  target  location  and  probable  trajectory,  2)  background 
configuration  relative  to  the  estimated  trajectory  and  3) 
own  path  with  respect  to  both  of  the  above. 

f)  the  possible  existence  of  small,  dangerous  obstacles,  such  as 

sharp  twigs  or  thorns. 

In  the  next  section  a  few  selected  samples  of  the  response 
of  bats  to  some  of  these  situations  will  be  given,  and  in  the  final 
section  a  few  considerations  which  relate  to  such  results  will  be 
considered. 


SOME  EXAMPLES  OF  INTERCEPTION  PERFORMANCE  U   THE  PRESENCE  OF  INTERFERENCE 
Multiple  targets 

The  natural  targets  of  bats  often  occur  in  fairly  dense  clusters. 
Certain  insects,  for  example,  travel  in  swarms;  and  it  has  been 
conjectured  that  bats  obtained  their  food  by  passively  listening  for 
insect  swarms  and  then  flying  through  them— target  captures  being 
guided  from  tactile  contact  of  insects  with  the  flight  membranes  ( 15) . 
Present  evidence  does  not  contradict  the  possibility  that  this  method 
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may  sometimes  be  used.  However,  it  does  demonstrate  that  bats  are 
capable  of  isolating  and  capturing  individual  members  of  silent  clusters 
of  targets. 

Figure  2  shows  a  red  bat  (Lasiurus  boreal  is)  seizing  one  out 
of  a  cluster  of  32  mealworms,  projected  upward  from  below  (by  use  of  a 
solonoid-driven  ,,gun,,)«   Although  the  bat  obviously  did  not  have  to  deal 
with  echoes  from  the  lower  targets  of  the  cluster,  roughly  half  were 
close  enough  to  the  chosen  target  to  produce  potentially  confusing  echoes, 

Figure  3  shows  the  same  bat  in  the  process  of  capturing  one  out 
of  five  potential  targets.  The  mealworm  farthest  to  the  left  is  just 
entering  the  tail  pouch  of  the  bat  at  the  last  image. 

Figure  4  illustrates  the  separation  of  a  mealworm  from  a 
3  nun  sphere,  within  roughly  two  centimeters.  The  catch  here  makes 
use  of  a  backward  somersault;  and  in  the  next- to- last  image  the  end  of 
the  mealworm  can  be  seen  hanging  out  from  the  edge  of  the  tail  pouch 
as  the  somersault  reaches  completion. 
Strong  clutter  echoes 

Figure  5  shows  a  bat  (Myotis  luclfugus)  correctly  tracking 
a  mealworm  up  to  the  surface  of  a  smooth  sphere  (of  about  1  M  diameter). 
Obviously  the  approach  angle  is  such  that  much  of  the  sound  reflects 
away  from  the  bat.  At  the  same  time,  the  radiation  pattern  of  the  bat's 
signal,  at  terminal  pursuit  frequencies,  is  such  that  a  very  large 
clutter  echo  must  occur  in  such  situations.  The  bat's  accuracy  appears 
unimpaired,  the  mealworm  being  between  the  bat  and  the  sphere  as  the 
bat  puts  out  its  wings,  presumably  to  slow  its  speed,  in  preparation 
for  contact  with  the  surface. 
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FIG.  2.  Capture  of  one  out  of  32  mealworms  by  Laslurus  boreal Is. 
Capture  is  being  made  at  flash  #3;  the  target  is  then  retained  momentarily 
in  the  tail  pouch  (flash  #4)  before  being  seized  with  the  mouth  (flash  #5), 
(This  sequence  is  Fig.  10  of  ref.  #13). 
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FIG.  2*     Capture  of  on*  out  of  5  mealworms  by  Lasiurus  boreal  is. 
The  upper  image  shows  the  selected  mealworm  Just  entering  the  tail 
pouch,  and  illustrates  the  accuracy  with  which  predictable  targets 
are  typically  centered  in  the  catch  membranes- -even  in  the  presence 
of  other  nearby  targets. 
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FIG.  4.   Separation  of  mealworm  from  adjacent  3  mm  sphere  by  Lasiurus 
boreal Is.  The  bat  is  here  using  a  backward  somersault  technique 
(ref.  #12)  for  target  capture.  Both  the  sphere  and  another  mealworm 
were  within  a  few  centimeters  of  the  selected  target  at  the  time  of 
capture.  High-speed  films  show  that  even  when  two  adjacent  targets 
are  captured,  only  the  pre- selected  target  is  normally  seised  with 
the  mouth. 
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FIG,  5.  Attempt  to  capture  mealworm  against  surface  by  Myotls 
luclfugus.  The  bat  accurately  tracked  the  target  to  the  surface 
but  failed  to  complete  catch  while  preparing  for  contact  with  the 
surface.   (For  discussion,  see  text.) 
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Complex  clutter  echoes 

Figure  6  shows  a  bat  (Myotls  lucifugus)  about  to  catch  a 
mealworm  close  to  clusters  of  yew  needles  which  individually  produce 
echoes  not  too  dissimilar  from  those  returned  by  a  mealworm. 

Figure  7  shows  a  successful  catch  by  the  same  bat  within  a 
space  between  yew  branches.  Note  that  the  bare  twig  in  the  center  was 
brushed  by  the  bat's  wing  as  it  entered  the  space. 
Echo  evaluation  in  the  presence  of  competing  signals 

Figure  8  shows  the  approach  of  two  bats  from  approximately 
opposite  directions  toward  a  single  mealworm.   In  this  situation  the 
bat  must  contend  with  two  sets  of  incoming  signals  that  are  stronger 
than  the  echoes  of  the  emitted  signals  returning  from  the  mealworm: 
first,  echoes  from  the  opposing  bat,  and  second,  the  very  strong  signals 
coming  directly  from  the  opposing  bat.  Apparently,  however,  these 
competing  signals  fail  to  impair  the  bat's  echolocating  proficiency. 

Figure  9  shows  a  typical  result.   In  this  instance  the  two 
bats  attempted  simultaneous  catches  of  the  same  target--with  no 
detectable  loss  of  accuracy.  The  mealworm  can  be  seen  starting  to 
fall  out  from  between  the  two  bats  at  the  second  of  the  two  flash  images, 
Constraining  configurations 

Figure  10  shows  the  successful  capture  of  a  mealworm  as  the 
bat  flew  through  spaces  between  hemlock  twigs.   Here  the  clutter  echoes 
were  less  massive  than  with  the  denser  clutter  backgrounds  tested. 
However,  evaluation  of  the  space  configuration  relative  to  the  target's 
trajectory  was  required.  Though  the  bats  often  brushed  against  the 
foliage  or  twigs  (as  seen  here  by  the  vibration  of  the  fine  set  of 
twigs),  severe  collisions  with  injurious  twigs,  or  other  objects,  were 
never  seen. 
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FIG,  2»  Capture  of  m*alwona  by  Myotts  luclfugus  in  space  between  yew 
branches.   In  order  to  reach  the  aealworm  the  bat  brushed  the  bare 
twig  in  the  center.  Echoes  were  hare  being  returned  by  portions  of 
the  clutter  configuration  that  were  closer  to  the  bat  than  the  target. 
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FIG,  11.   Somersault  catch  by  Laslurus  boreal Is  at  edge  of  pine  branch. 
This  bat  conmonly  made  catches  close  to  configurations  of  foliage, 
but  executed  its  interceptions  so  as  to  brush  past— but  never  collide 
with— the  foliage. 
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Figure  11  shows  the  successful  (somersault)  catch  of  a 
mealworm  by  a  red  bat  as  it  approaches  a  space  between  tufts  of  white 
pine  needles. 

Figure  12  illustrates  another  solution  to  the  problem  of 
pursuit  when  the  target  is  too  close  to  an  interfering  configuration. 
Here  the  bat  tracked  a  moth  as  it  flew  along  the  edge  of  a  pine  branch 
and  captured  it  shortly  after  it  flew  out  (not  shown  in  picture). 
SOME  RELATED  PERFORMANCE  CONS IDERA1  IONS 

lhe  illustrations  presented  were  derived  in  part  from 
photographed  portions  of  systematic  tests  and  in  part  from  sample 
photographs  of  a  variety  of  pursuit  situations  in  the  presence  of 
interference.   Not  illustrated  were  the  systematic  results  which  indicated 
that  the  proclivity  for  pursuit  and  the  accuracy  of  its  completion  were 
related  to  the  facility  or  adequacy  of  initial  detection  and  trajectory 
evaluation.  Once  good  Mlock-onM  and  effective  target  following  were 
established,  clutter  sources  appeared  to  produce  little  decrease  in 
interception  prof iciency--though  the  possibility  of  potential 
collision  often  appeared  to  produce  relinquishment  of  pursuit.   Detection, 
however,  was  sometimes  dependent  upon  adequate  initial  separation 
of  a  moving  target  from  a  large  clutter-producing  background.  With 
fast-moving  bats  at  least,  the  interference- suppressing  mechanisms 
did  not  appear  to  become  effectively  operative  unless  adequate  initial 
separation  of  target  echoes  and  clutter  echoes  was  achieved. 

ihe  observed  pursuit  performances  of  bats  under  conditions 
involving  various  kinds  of  interference  also  appear  to  depend,  in  part, 
upon  important  features  of  the  bats1  normal  techniques.   Among  the  more 
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FIG.  13.  Erroneous  seizure  of  pine  needle  by  Myotls  lucifugus. 
The  needle  was  flicked  upward  by  Che  bat's  tall  membrane  and  can  be 
seen  curving  Into  the  central  space  as  the  bat  goes  Into  Its  catch 
maneuver  (upper  Image).  Prior  to  this  attempt,  a  number  of  fruit 
files  had  been  flying  In  the  vicinity  of  the  needles.   Inset  shows 
the  comparative  sizes  of  needles  and  fly.   Such  erroneous  catches 
appeared  to  be  limited  to  one  or  two  bats. 
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significant  features  of  the  bats'  methods,  the  following  should  be 
mentioned:  localization  accuracy,  predictive  capability,  response 
speed,  quickness  and  precision  of  motor  control,  and  adaptive  capacities. 
Localization  accuracies  and  predictive  capacities 

Uhile  it  is  possible  to  make  direct  observations  from  photo* 
graphs  of  the  approximate  accuracy  of  the  aim  of  a  bat's  head, 
evaluation  of  a  bat's  range  accuracy  is  more  difficult.  A  rough 
approximation  to  the  accuracy  of  head  aim  (in  azimuth  and  elevation) 
for  Myotls  luclfugus  was  made  with  the  use  of  two  photographic  observers. 
One  observer  selected  a  number  of  photographs  made  almost  directly 
from  the  side  or  from  almost  directly  above  or  below  and  presented  them 
to  the  other  observer  with  the  target  covered.  The  second  observer  was 
then  asked  to  draw  a  line  in  the  estimated  direction  of  the  bat's 
target  localization.  When  actual  and  estimated  target  directions  were 
compared,  the  results  suggested  that  the  bat's  accuracy  of  head  aim 
mostly  fell  within  ±5°  of  the  actual  target  position. 

Head  aim,  however,  is  not  an  infallible  indicator  of  localization 
accuracy.  At  close  range,  bats  often  cease  to  follow  the  targets  with 
their  heads.  Red  bats,  for  example,  often  maintain  a  constant 
orientation  of  the  head  while  apparently  making  accurate  evaluation  of 
the  relative  position  of  a  maneuvering  moth  (12).   It  is  thus  clear  that 
the  capacity  of  bats  to  localize  discrete  objects  is  at  least  as  good— 
and  often  much  better--than  the  observed  accuracy  of  head  aim. 

In  the  presence  of  nearby  clutter  echoes,  a  bat's  attention 
was  sometimes  diverted  to  some  nearby  feature  that  produced  an  echo  of 
typical  target  size  (Fig.  13),  but  as  long  as  target  following  was 
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maintained,  loss  of  localization  accuracy  for  a  selected  object  seldom 
seemed  to  be  impaired. 

To  estimate  a  bat's  accuracy  of  range  determination,  while  at 
some  distance  from  the  target,  two  methods  have  sometimes  been  employed. 
The  first  is  by  signal  shift,  and  the  second  by  analysis  of  predictive 
accuracy.  The  pursuit  signals  of  bats,  during  approach  to  a  predictably 
moving  target,  tend  to  fall  into  several  phases  or  stages-- sometimes 
defined  as  evaluation,  approach  and  terminal  phases  (11).   Shortly 
after  target  detection  the  bats'  signals  were  sometimes  characterized  by 
a  repetition  rate  plateau  (evaluation  or  initial  approach  phase),  after 
which  a  sudden  acceleration  of  pulse  rate  (final  approach  phase)  took 
place.   In  certain  bats  the  initiation  of  this  pulse- acceleration  phase 
occurred  about  20C  milliseconds  prior  to  target  capture,  with  a  range 
of  deviation  Chat  fell  mostly  within  ±  10  to  20  milliseconds  of  the 
central  value.   Since  the  bat's  approach  speed  was  relatively  constant 
(at  about  5  meters  per  second)--and  since  the  target  position  varied 
considerably  from  any  fixed  reference  point--the  bat  apparently  initiated 
the  pulse  acceleration  phase  with  an  accuracy  of  10  to  207.  of  the  actual 
distance  to  capture.   Instantaneous  range  localization  must  have  been 
as  good  as  this  or  better— particularly  since  predictive  estimates  of 
catch-point  were  normally  required. 

Estimation  of  range  accuracies  by  use  of  the  bats'  predictive 
evaluations  is  based  on  observations  of  the  bats'  capacity  to  judge  in 
advance  an  effective  pursuit  path  for  capture  of  an  accelerating  or 
maneuvering  target.  Figure  14  (adapted  from  Fig.  2  of  ref.12)  shows 
the  capture  of  a  downward  spiralling  moth  by  a  red  bat.  The  significant 
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feature  of  this  pursuit  was  the  bat^s  evaluation  of  the  position  of  the 
moth  relative  to  the  irregular  surface  (grass  and  low  shrubs)  about 
one  meter  below  the  predicted  capture  point.  Had  the  bat  been  unable 
to  make  a  relatively  accurate  evaluation  of  the  range  to  the  moth-- 
from  approximately  two  meters  away--a  successful  pursuit  would  have 
been  difficult  to  initiate.   In  less  than  half  a  second,  the  bat 
rolled  onto  its  back,  dove  down  to  roughly  the  moth's  level,  rolled  out 
again  and  made  its  capture  along  a  path  parallel  to  the  ground.  As 
previously  noted,  such  photographs  of  pursuit  in  the  presence  of 
constraining  configurations  seldom  indicate  any  loss  of  target 
localization  accuracy,  as  compared  with  accuracies  seen  in  the  absence 
of  interference.  This  does  not  imply,  however,  a  corresponding 
accuracy  of  localization  for  the  various  features  of  the  constraining 
backgrounds.   Perhaps  the  best  guess  would  be  that  such  localizations 
are  only  as  accurate  as  required  for  the  establishment  of  a  suitable 
flight  path.  No  attempt  has  been  made,  however,  to  quantify  the  accuracy 
of  such  localizations. 
Speed  and  accuracy  of  response 

Response  speeds  and  reaction  times  to  acoustical  stimuli 
have  not  been  systematically  measured.  Moreover,  since  the  flash 
interval  of  most  pursuit  photographs  was  1/10  second,  the  time- 
intervals  of  events  occurring  at  less  than  this  spacing  were 
determinable  only  from  sample  high-speed  films.   Existing  evidence 
suggests  that  accurate  head  aim  is  commonly  established  within  less 
than  1/10  second  after  initial  detection.  Response  to  an  unexpected 
shift  of  a  target  appears  to  occur  in  about  1/20  second,  but  may  be  less. 


697 


-«' 


,-£— 


• 


/ 


/ 


/< 


/ 


/ 


/ 


/ 

/ 

/ 

/ 


% 


mmm 


(Mm 


SO 


loo 


j5*o  cm 


FIG.  14.   (adapted  from  Fig.  2  of  ref.  #12).  Capture  of  moth  near  the 
ground  by  Laslurus  bor»alls.  The  moth  was  here  spiralling  toward  the 
grass  (about  a  meter  below),  thus  requiring  the  bat  to  dive  and  then 
level  off  in  order  to  accomplish  the  interception  at  speed  without 
danger  of  collision.   (The  bat's  velocity  was  about  6  meters  per  second.) 
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Figure  15  (adapted  from  Fig.  9  of  ref.  13)  illustrates  an 
example  of  the  speed  and  precision  of  a  batfs  response.   The  set  of 
tracings  was  made  from  a  multiple  flash  sequence  in  which  each  flash 
was  triggered  by  the  pulses  emitted  by  the  bat  itself.   By  analyzing 
accompanying  tape  recordings  (in  which  each  flash  produced  an  artifact) 
measurement  of  flash  intervals,  during  such  sequences,  was  possible. 
However,  it  was  necessary  to  take  account  of  the  acoustical  delay  to 
the  pick-up  microphone.    In  terms  of  the  action  depicted,  the  final 
acoustical  delay  is  approximated  by  the  length  of  the  arrows  which 
show  the  approach  of  wingtip  and  target.   Perhaps  the  two  most 
significant  features  of  this  illustration  are:  1)  the  rapidity  with 
which  the  final  wingtip  action  is  achieved--a  20  cm  sweep  of  the 
wingtip  in  roughly  20  Billiseconds  (reaching  a  velocity  in  excess  of 
1  cm/msec)  and  2)  the  final  precision  of  placement  (apparently  to 
within  roughly  1  cmJ  of  the  required  location).   Since  this  final 
action  is  too  fast  for  instant-to-instant  control,  it  must  have  been 
pre-programmed  on  the  basis  of  acoustical  indications  received  and 
analyzed  prior  to  its  initiation. 

Perhaps  one  of  the  major  assets  of  the  speed  of  analysis  and 
of  control  response  achieved  by  bats,  relative  to  many  biological  systems, 
is  its  role  in  permitting  the  bat  to  deal  effectively  with  complex 
spatial  situations  and  clutter-producing  configurations.   Possibly  the 
bat  can  relegate  different  aspects  of  its  pursuit  problem  to  different 
processing  mechanisms,  and  thus  attend  in  rapid  sequence  to  a  variety  of 
aspects  of  the  surrounding  situation.   Although  behavioral  and  neuro- 
physiologies! approaches  to  such  considerations  have  begun  to  provide 
a  common  informational  meeting  ground,  much  work  remains  before  the 
details  of  the  bat*s  methods  can  be  formulated  in  any  comprehensive  way. 
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DISCUSSION 

As  seen  in  the  illustrations  presented,  target  interceptions 
by  echolocating  bats,  under  conditions  of  interference,  provide  interesting 
examples  of  effective  action  by  a  natural  guidance  system  in  situations 
of  some  complexity.  Here  the  bat's  system  appears  capable  of  making 
rapid  evaluations  of  shifting  spatial  relations  and  also  of  tracking 
small  targets  when  nearby  objects  produce  competing  "clutter"  echoes 
of  considerable  magnitude.   In  the  present  illustrations,  for  example, 
the  mean  value  of  the  clutter  echoes  from  objects  at  approximately 
target  distance  sometimes  reached  levels  10  or  20  dB  above  the  level 
of  the  target  echoes;  yet,  in  most  Instances,  the  bat's  system  suffered 
no  detectable  loss  of  tracking  accuracy.   In  addition,  bats  demonstrated 
the  capacity  to  resolve  a  desired  target  from  other  objects  within 
two  or  three  centimeters,  and  could  do  so  even  when  echoes  were  being 
returned  by  many  other  objects  in  the  immediate  vicinity.  Finally, 
competing  signals  of  high  intensity  from  other  bats  produced  no 
evidence  of  deterioration  in  tracking  performance.  From  these 
examples,  it  is  clear  that  the  bat's  system  demonstrates  good  adaptations 
for  handling  problems  presented  by  various  kinds  of  interfering  echoes 
and  constraining  physical  objects. 

At  the  outset,  certain  questions  were  considered  regarding 
the  comparative  efficacy  of  the  guidance  systems  of  bats  and  certain 
man-made  counterparts,  notably  radar  and  sonar.  Relative  to  synthetic 
echolocating  systems,  is  the  bat's  system  impress ive«-or  do  the  man- 
made  counterparts  possess  superior  attributes?  Taking  a  bionic 
viewpoint,  two  specific  questions  were  raised:  How  do  the  performance 
levels  compare?  and  2)  How  do  the  mechanisms,  and  their  principles  of 
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design,  compare?  To  make  performance  comparisons,  it  is  obviously 
necessary  to  define  and  carry  out  comparable  measures.   However,  many 
of  the  measures  used  in  the  performance  analysis  of  synthetic  systems 
do  not  legitimately  apply  to  the  bat's  system--or  at  least  not  to  the 
bat's  manner  of  utilization  of  the  derived  indications.  Measurements 
of  detection  efficiency  and  detection  capability  demonstrate  good 
sensitivity,  and  experiments  on  the  obstacle  detection  performance  of 
bats  under  conditions  of  masking  by  wideband  noise  show  that  the  bat's 
echo  processing  system  is  remarkably  effective  (7).   But  such 
measures  sample  only  a  small  portion  of  the  total  capabilities  of  the 
bat's  system.  Moreover,  they  incorporate  somewhat  unnatural  features. 
High  levels  of  wideband  noise  seldom  occur  in  nature,  yet  the  results 
with  noise  masking  indicate  that  bats  can  adapt  their  processing  system 
so  as  to  detect  faint  echoes  against  high  levels  of  noise  in  the  same 
frequency  bands.   Such  measures  clearly  suggest  certain  signal  processing 
capabilities  that  are  at  least  on  a  par  with  comparable  man-made  systems. 

More  relevant  to  natural  situations  encountered  by  bats, 
however,  are  problems  presented  by  clutter  and  physical  interference. 
Clutter  echoes  are  interfering  echoes  returned  by  surfaces  and  objects 
in  the  vicinity  of  some  selected  object  of  central  interest.   In  the 
bat's  situation,  of  course,  such  echoes  are  commonly  associated  with 
constraining  configurations  of  which  the  bat  must  also  take  cognizance. 
Moreover,  because  the  successful  pursuit  of  insect  targets  under 
conditions  of  clutter  and  physical  interference  must  often  have  been 
of  major  importance  to  the  survival  of  bats,  it  seemed  likely  that  a 
study  of  such  performance  might  reveal  some  of  the  bat's  more  elusive 
capabilities.  Certain  of  these  have  been  illustrated  here.  While  a 
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few  of  the  observed  performance  features  can  be  quantified^  many  aspect! 
are  difficult  to  define  and  measure  in  a  useful  way.   It  is  possible, 
however,  to  observe  what  a  bat  can  do  and,  to  some  extent,  to  note  how 
the  problems  are  handled.  Recognition  of  such  capabilities  and  methods 
can  at  least  provide  orienting  steps  toward  more  adequate  analysis;  and 
certain  Inferences  derived  from  the  observed  performances  provide 
useful  starting  points. 

One  of  the  main  inferences  deriving  from  the  illustrations 
is  the  apparent  capacity  of  bats  to  structure  relevant  aspects  of  the 
interception  situation  in  a  meaningful  way,  and  to  do  so  very  rapidly. 
For  the  most  part,  a  bat  can  identify,  classify  and  relate  relevant 
objects  and  configurations,  often  within  a  fraction  of  a  second. 
Viewed  in  terms  of  figure- ground  relations,  it  might  be  said  that  a 
bat  can  quickly  establish  Important  points  of  focus--such  as  moving 
targets  or  threatening  obstacles-- and  can  relegate  to  a  broader,  wide- 
angle  view  the  background  configurations  which  tend  to  affect  the  bat's 
action  in  more  general  ways. 

Another  inference  is  that  the  batvs  system  must  incorporate 
some  excellent  "gating"  and  "filtering"  functions.  This  Inference 
derives  in  part  from  observations  of  the  bat's  capacity  to  resolve 
one  out  of  several  closely  spaced  targets,  moving  along  similar 
trajectories,  and  in  part  from  observations  on  correct  localizations 
of  targets  that  pass  close  to  stationary  objects  or  structures.   Some 
of  these  objects  produce  echoes  similar  to  those  of  the  targets  and 
some  produce  massive  clutter  echoes  including  echoes  that  may  arise 
from  objects  closer  to  the  bat  than  the  target  itself.  The  acoustical 
patterns  of  these  echo  configurations  are  often  highly  complex  and 
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rapidly  shifting.  Moreover,  the  observed  range  resolutions  of  about 
2  centimeters  in  the  bat's  selections  of  targets  imply  either  a 
temporal  resolution  of  the  order  of  75  microseconds  or  a  capacity  to 
interpret  interference  patterns  that  may  be  shifting  rapidly  in 
structure.  The  fact  that  little  difference  has  been  noted  between 
resolutions  in  range,  elevation  and  azimuth  suggests  that  bats  have 
effective  methods  of  extracting  spatial  invariants  out  of  complex 
input  configurations. 

Furthermore,  since  the  bat's  system  can  maintain  its  "focus" 
on  a  small,  selected  object,  while  severe  clutter  echoes  intermittently 
obscure  it,  the  system  must  incorporate  functions  akin  to  "property 
filters"  and  to  predictive  "time  gates."  The  property  filters  act  to 
identify  the  invarlances  associated  with  a  selected  target  and  the  time 
gates  act  to  exclude  (from  higher  processing  in  the  same  functional 
category)  all  returns  occurring  outside  the  anticipated  interval  of 
echo  reception.  The  bat's  system  certainly  must  include  some  very 
selective  and  sophisticated  target  evaluators  and  moving  target 
indicators. 

Related  to  the  above  inferences  are  those  which  indicate 
adaptive  capacities  for  recognizing  subtle  echo  patterns.   In  target 
discrimination  experiments  (14)--not  illustrated  here--bats  were  found 
capable  of  learning  to  distinguish  a  mealworm  from  all  sizes  of 
spheres.  When  trains  of  echoes  returning  from  projected  mealworms  were 
photographed,  it  was  found  that  a  significant  percentage  produced  only 
trivial  shifts  of  echo-magnitude  within  the  intervals  used  by  bats  to 
differentiate  between  the  spheres  and  mealworms.  The  bat's  system  must 
therefore  either  be  very  sensitive  to  small  echo-shifts  or  else  must  be 
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able  to  evaluate  shape,  acoustically,  from  perhaps  a  meter  away.  When 
human  listeners  attempted  to  discriminate  such  echoes—even  at  slow- 
down rates  up  to  128— no  differences  were  detectable.  The  bat's  system 
clearly  has  pattern  sensitivities  of  considerable  significance. 

Another  inference  suggested  by  the  present  observations  is 
that  bats  must  have  evolved  methods  of  compensating  for  the  slow  unit 
action  of  neural  components.  Little  progress  has  thus  far  been  made 
toward  an  integrated  description  of  the  bat's  methods.  One  thing  is 
clear,  however:  they  must  relegate  to  a  very  secondary  role  the  kinds 
of  long  sequential  processing  often  used  in  radar  methods.  Although 
at  the  present  stage  of  knowledge  one  can  only  guess,  it  seems  likely 
that  some  fairly  complex  processing  may  be  achieved  within  a  dozen 
sequential  steps. 

The  final  inference  is  the  evidence  of  adapt ibility  noted  in 
the  bats'  responses  to  specific  targets  and  to  background  configurations. 
As  already  indicated,  bats  learn  to  identify  specific  targets  of  interest 
to  them.  They  also  learn  the  shapes  and  textures  of  configurations  with 
which  they  have  a  chance  to  become  familiar.  For  example,  like  other 
higher  animals  they  appear  to  internalize  a  "map"  of  relevant  features 
of  their  surroundings.   Such  a  "map"  reduces  the  amount  of  processing 
required  in  the  handling  of  familiar  spatial  constraints  at  any  instant, 
since  the  animal  can  presumably  release  stored  patterns  of  perception 
and  of  action  on  the  basis  of  minimal  detected  clues.   However,  bats 
often  appear  to  require  a  great  deal  of  exploration  and  testing  in 
order  to  establish  effective  patterns  of  response  to  configurations 
which  higher  visual  animals  can  evaluate  almost  instantly.  Perhaps  the 
small  development  of  the  higher  centers  in  bats  is  a  logical  concommitant 
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of  this  limitation.  While  such  slow  learning  may  be  indicative  of 
a  low  intelligence  level,  an  emphasis  on  certain  perceptual  skills  and 
sensory-motor  interrelations  may  have  been  more  vital  to  a  bat's  survival. 
Certainly  some  of  the  auditory  perceptual  skills  of  bats  appear  to  have 
reached  high  levels  of  proficiency. 

The  methods  of  natural  adaptive  systems  have  commonly  been  a 
source  of  scorn  on  the  part  of  engineers.  As  indicated  earlier  in  the 
present  discussion,  both  the  long-range  adaptive  methods  of  evolutionary 
process  and  the  short-range  adaptive  procedures  that  operate  within  the 
life-span  of  individuals  are  judged  as  inefficient,  wasteful  and 
unsuitable  for  engineering  design.  The  fact  remains,  however,  that  such 
methods  have  achieved  certain  results  that  engineering  methods  cannot 
match  (10).   It  is  therefore  in  order  to  review  certain  criticisms  of 
natural  methods  and  to  consider  whether— in  spite  of  such  criticisms— the 
methods  may  not  incorporate  features  from  which  engineering  designs 
could  sometimes  profit. 

One  obvious  limitation  of  natural  systems  is  " evolutionary 
commitment."  V*hen  a  biological  system  evolves,  the  design  plan  is 
maintained  genetically  in  relatively  stable  form.   New  operating 
requirements  cannot  be  met  by  re-design,  but  only  by  slow  modifications 
or  by  incorporation  of  existing  methods  into  superordinate  configurations, 
This  latter  procedure  tends  to  produce  layers  of  mechanisms  with  inherent 
complexities— and  often  inappropriate  design  features— which  the  logical 
methods  of  engineering  design  can  readily  by-pass. 

What  bothers  engineers  the  most,  however,  is  the  enormous 
inefficiency  of  natural  methods.  Only  by  lengthy  and  devious  sequences 
of  operation  can  design  order  arise.   It  must  be  gradually  generated  out 
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of  countless  wasteful  interactions  between  systems  of  higher  and  lower 
levels  of  organization.  For  example,  it  has  long  been  contended  that  the 
genetic  "orders"  responsible  for  the  initial  structure  of  human  cortical 
tissue  could  account  for  only  a  small  fraction  of  the  functional 
connections  that  obviously  exist  in  the  normal  adult.  The  ordering  of 
these  connections  must  therefore  come  about  by  interactions  between 
the  limited  initial  features  of  organization,  important  stabilities 
of  surrounding  influences  and  the  actions  generated  by  various  functional 
components  of  the  system. 

Many  kinds  of  models  have  been  set  up  by  investigators 
concerned  with  neural  organization  and  adaptive  pattern  recognition. 
Efforts  to  design  counterparts  of  the  complex  recognition  systems  of 
higher  animals,  however,  have  tended  to  run  up  against  inherent  limits 
of  comprehension  by  human  experimenters.   It  proves  impossible,  in 
other  words,  to  establish  meaningful  mind-model  couplings  with  systems 
that  incorporate  great  complexity  and  diversity  of  operating  procedures. 
Neurophysiologists  often  point  out  that  the  detailed  interactions 
between  only  two  or  three  diffuse  nerve  cells  present  analytical  problems 
that  are  virtually  unapproachable  by  conventional  methods.  The  operation 
of  complex  interrelated  clusters  can  scarcely  be  comprehended  at  all. 

The  developments  of  recent  decades  have  caused  biological 
engineers  to  consider  what  can  be  learned  from  evolutionary  models. 
According  to  such  methods,  an  experimenter  no  longer  tries  to  comprehend 
the  precise  details  of  all  the  operations  being  carried  out  by  the 
system  under  study.   Instead,  he  focuses  on  the  nature  of  the  design 
rules  and  control  influences.   By  the  early  1950,s,  simplified  versions 
of  certain  evolutionary  models  were  being  partially  implemented  with 
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the  use  of  high-speed  information  processing  devices.  These  models 
demonstrated  that  much  could  be  learned  about  what  has  to  be  put  into 
the  design  and  control  methods  of  synthetic  pattern  recognizing 
mechanisms  which  are  based  on  an  evolutionary  type  of  plan.  Vhat 
this  approach  does,  in  effect,  is  to  establish  a  set  of  synthetic 
experimenters  which  mediate  between  the  human  experimenter  and  the 
systems  with  which  he  works.   Eventually,  it  may  permit  him  to  back  off 
many  steps  from  details  of  design  and  from  specific  modes  of  operation. 
Besides  broadening  the  man-system  boundary  and  introducing  new  kinds 
of  control  ana  observation  couplings,  such  a  "recession  of  the 
experimenter1'  also  frees  the  design  and  test  details  from  the  time 
constraints  of  human  evaluation  and  response. 

Although  it  is  easy  to  make  general  statements  about  how 
simple  rules  of  operation  may  govern  the  generation  of  complex  systems, 
the  actual  implementation  of  such  procedures  is  far  less  simple.  The 
general  ideas  must  first  be  formulated  as  concepts  specific  enough  to 
produce  workable  designs.   Such  designs  must  then  be  converted  to 
forms  that  are  compatible  with  existing  technology.  Moreover,  in 
practice,  the  methods  can  only  be  designed  in  detail  by  actual  tests 
of  operation;  and  hence  no  adequate  model  can  be  formulated  in  detail 
without  being  actually  implemented— at  least  in  some  provisional  form. 
For  illustrative  purposes  of  the  moment,  we  can  only  touch  very  briefly 
on  two  aspects:  first,  the  general  mode  of  operation  of  a  given 
"functional  unit"  and  second,  a  portion  of  the  method  by  which  specific 
designs  of  value  become  transfered  into  permanent  "genetic"  storage. 

One  way  of  viewing  the  operation  of  a  functional  unit  is  in 
terms  of  provisional  "noise  freezing."   If  such  a  unit  is  conceived  as 
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an  adaptive  control  device,  its  task  is  to  identify  significant  features 
of  patterns  with  which  it  is  presented  and  to  couple  such  identification 
to  a  required  output  category.  The  input  patterns  might  be  a  selection 
of  Morse  code  letters  and  the  output  choices  might  be  divided  into 
two  possible  selections  or  groupings,  each  one  of  which  produces  a 
selective  effect  upon  the  unit*s  immediate  environment.   (For  illustrative 
purposes,  we  might  imagine  one  output  as  applying  left-turning 
increments  to  the  autopilot  of  an  aircraft  and  the  other,  as  applying 
right- turning  increments.) 

Under  initial  conditions,  the  unit  contains  a  number  of 
elements,  randomly  connected,  between  which  flow  unordered  messages. 
Any  tendency  for  meaningless  "order"  to  form  spontaneously  is  prevented 
by  random  extraneous  fluctuations  which  act  to  disrupt  stable  patterns 
of  message  flow.  Order  becomes  established  in  the  unit  by  the  use  of 
monitor  or  modifier  inputs  of  low  information  content.   Such  inputs 
are  akin  to  the  reward  and  punishment  effects  of  the  psychologist.  They 
act  in  a  consistent  way  only  when  some  stable  aspect  of  the  unit's 
environment  judges  momentary  segments  of  the  unit's  output  to  be 
tending  In  a  direction  that  is  suitable  for  the  input  pattern  being 
concurrently  received.  A  "reward"  effect  acts  to  favor  the  operating 
configuration  existing  just  prior  to  the  monitor  judgment.  A 
"punishment"  effect  acts  to  suppress  or  shift  the  immediately  preceding 
operating  configuration.  A  rewarding  effect  thus  acts  to  stabilize 
an  operating  configuration  tending  to  connect  a  given  recognition  with 
a  given  output  choice.  The  action  comes  about  by  methods  which,  in 
effect,  "freeze"  a  segment  of  a  random  operating  configuration  which 
happens  to  carry  out  the  required  recognition  and  coupling.   It  is 
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important  to  note  that  the  monitor  or  modifier  system  takes  no  cognizance 
of  how  the  recognition  is  achieved.   In  this  way  a  pattern  recognition 
involving  considerable  information  content  may  be  generated  by  a 
control  indication  of  very  low  information  content--the  "information 
gain"  being  made  at  the  cost  of  a  large  number  of  useless  operations. 

The  second  concern  of  the  moment  is  how  the  dosign  of  a  unit 
that  proves  useful  gets  back  into  permanent  design  storage.   A 
complete  answer  is  beyond  the  present  scope  of  discussion.   However, 
one  aspect  can  be  pointed  out.  The  design  system  generates  a  large 
number  of  units,  all  on  one  general  plan,  but  varying  from  each  other 
in  such  details  as:  size,  connectivity,  output  distribution,  etc. 
The  various  units  are  tested  with  a  given  task  and  only  the  designs 
of  those  that  perform  adequately  are  retained.   By  like  principles  of 
operation,  the  selected  designs  can  be  subjected  to  a  smaller  range  of 
variations  and  perhaps  the  use  of  more  specific  design  details. 
Eventually,  the  genetic  storage  contains  the  design  of  a  device  which 
is  relatively  well  adapted  for  a  given  category  of  recognition. 
Moreover,  by  the  use  of  like  methods,  specialized  units  can  become 
linked  together  in  "genetic"  storage  to  generate  more  complex 
pattern  recognizing  functions. 

Evolutionary  models  have  a  long  way  to  go  before  they  can 
either  be  said  to  represent  the  methods  of  living  systems,  on  the  one 
hand,  or  the  kind  of  mechanism  that  can  be  effectively  useful  to 
engineers,  on  the  other.  Their  importance  at  this  stage  may  lie  chiefly 
in  their  capacity  to  provide  new  entering  wedges  of  comprehension  and 
control.  They  also  introduce  new  kinds  of  questions  about  living 
systems  and  may  lead  to  better  comprehension  of  the  kinds  of  fundamental 
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differences  that  characterize  the  sensory  and  perceptual  systems  of 
different  animals. 

One  Important  long-range  question  Inevitably  arises  in  any 
consideration  of  the  trend  of  such  models.  When  evolutionary  principles 
act  to  generate  successively  higher  levels  of  order  out  of  lower  levels 
of  order,  do  they  also  tend  to  generate  catalytic  methods  for  the  more 
effective  ordering  of  order?   In  other  words,  do  methods  tend  to  arise 
which  act  to  increase  the  efficiency  as  well  as  the  effectiveness  of 
higher  levels  of  organization?   Perhaps  this  is  the  kind  of  trend 
which  leads  to  the  effectiveness  of  the  more  versatile  perceptual 
processes  in  higher  animals.  Although  such  views  must  obviously  remain 
as  speculations  for  the  time  being,  they  raise  interesting  questions 
about  perceptual  comparisons  between  the  auditory  recognitions  of  men 
and  bats.  They  may  also  serve  to  indicate  to  conservative  engineers 
that  the  very  inefficiencies  of  animal  systems  may  be  the  key  to 
higher  levels  of  functional  ef fectiveness--and  perhaps,  in  the  end, 
even  to  certain  kinds  of  functional  efficiency  which  are  not  yet  defined. 
SUMMARY 

The  present  discussion  has  reviewed  the  interception  capabilities 
of  echolocating  bats  in  the  presence  of  various  kinds  of  interference. 
The  illustrations  suggested  that  the  bat's  guidance  system  could  provide 
rapid--and  often  predict ive--evaluat ions  of  fairly  complex  spatial 
configurations;  and  could  do  so  even  when  the  returning  echoes  of 
primary  interest  were  greatly  obscurred  by  surrounding  clutter. 

An  attempt  was  made  to  resolve  certain  of  the  engineering- 
biology  controversies  regarding  the  comparative  assets  of  mechanized 
and  natural  "perceptual"  systems.  To  some  extent,  differences  arose 
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from  differences  In  interest  or  objective.  However,  the  higher 
perceptual  methods  and  proficiencies  of  natural  systems  are  hard  to 
define  in  useful  engineering  terms.  One  approach  to  the  designs  of 
higher  level  perceptual  systems  is  by  way  of  "evolutionary  models." 
The  concepts  behind  such  models  may  give  significant  insights  as  to 
basic  perceptual  differences  between  different  animals  and  may  eventually 
provide  foundations  for  effective  synthetic  perceptual  designs. 

ABSTRACT 

Examples  are  presented  of  target  pursuit  by  echo locating 
bats  In  the  presence  of  physical  interference  from  nearby  configurations 
and  of  acoustical  interference  produced  by  clutter  echoes  or  the  signals 
of  other  bats.   Such  pursuits  illustrate  capacities  for  the  rapid 
structuring  and  evaluation  of  fairly  complex  spatial  relations.  They 
also  suggest  capacities  to  extract  target- identifying  and  spatial 
invariances  from  subtle  and  rapidly  varying  echo  patterns. 

Some  difficulties  encountered  in  the  formulation  of  useful 
models  of  the  echo  processing  mechanisms  of  bats  are  reviewed,  with 
particular  reference  to  discrepancies  of  biological  and  engineering 
emphasis.   Possible  use  of  concepts  associated  with  evolutionary 
models  is  considered.  These  concepts  may  provide  new  approaches  to 
comparisons  of  the  perceptual  systems  of  different  animals  and  may 
eventually  prove  of  value  in  engineering  design. 


Bionic  comparison 
Clutter  rejection 
Echolocation 
Evolutionary  models 
Perceptual  organization 
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